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INTRODUCTION 

This report presents the results of GeoEngineers’ geotechnical engineering services for the 

proposed new Building 101 Mental Health Services and Research building, new 1000-car parking 

garage, and seismic retrofit of Building 100 Nursing Tower and the Community Living Center (CLC) 

at the U.S. Department of Veterans Affairs (VA) Puget Sound Healthcare System facility in Seattle, 

Washington.  The project site is shown relative to surrounding physical features on the Vicinity Map 

(Figure 1) and the Site Plan (Figure 2). 

GeoEngineers submitted drafts of this report dated October 30, 2009 and September 23, 2010 to 

the project team for review and comment.  Comments from the project team and changes to the 

project have been incorporated into this final report.     

GeoEngineers’ geotechnical engineering services for this project consisted of:  

■ Reviewing existing subsurface information available for the site;  

■ Completing subsurface explorations; 

■ Conducting design-level studies; and  

■ Providing geotechnical engineering conclusions and recommendations for the design and 

construction of the planned Mental Health Services and Research building and parking garage 

and seismic retrofit of the existing nursing tower.   

Additionally, geotechnical seismic design parameters are required by Degenkolb Engineers 

(Degenkolb), the project structural engineer, for input into their structural models used in the 

retrofit design of the existing nursing tower and CLC building per American Society of Civil 

Engineers (ASCE) 41-06 code.  In order to complete their design analysis using the nonlinear static 

procedure, Degenkolb requires the site-specific response spectra for the BSE-1 and BSE-2 

earthquake levels that have risk levels of 10 and 2 percent probability of exceedance (PE) in 

50 years, respectively. 

In addition, seven representative orthogonal sets of earthquake time histories will be selected and 

scaled in general accordance with the requirements of the ASCE 41-06 code for use in the 

nonlinear dynamic structural analysis by Degenkolb as a check of the design completed using the 

nonlinear static procedure. 

GeoEngineers’ geotechnical engineering services were completed in general accordance with our 

services agreement dated October 16, 2009.  

PROJECT DESCRIPTION 

The project consists of three major components:  (1) seismic retrofit of Building 100 Nursing Tower 

and the CLC; (2) design of a new multi-story Mental Health Services and Research building; and 

(3) design of a new 1000-car parking structure.   
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The Nursing Tower and CLC structure were built in 1981.  The Nursing Tower is an eight-story steel 

frame structure with composite concrete floors.  Each floor has an 8-foot-high interstitial space 

for mechanical and electrical ducts and conduits. The floor-to-floor height is 18 feet, with the 

floor-to-interstitial-space height of 10 feet.  The CLC is a one-story building with a partial daylight 

basement and approximate overall dimensions of 200 by 230 feet.  The CLC is located adjacent to 

the Nursing Tower.  The seismic retrofit of these structures will consist of correcting the structural 

deficiencies in order to meet a performance objective of immediate occupancy after a design 

level earthquake. 

The new Mental Health Services and Research building is currently planned to be located in the 

northwest portion of the VA Seattle campus in an area currently used as a surface parking lot.  

Construction of the Mental Health Services and Research building will require removal of the 

existing asphalt concrete pavement parking area and construction of a new multi-story medical and 

research building.  The parking garage is currently planned to be located in the existing surface 

parking area to the west and north of the existing hospital buildings and will have 3 below grade 

levels and 4 above grade levels.  

Foundation support for the planned buildings will consist of shallow foundations extending to 

undisturbed glacially consolidated soils or on structural fill extending to undisturbed glacially 

consolidated soils.  The lowest floor levels will be completed as slab-on-grade. 

FIELD EXPLORATIONS AND LABORATORY TESTING 

Field Explorations 

The subsurface soil and groundwater conditions at the site were evaluated by drilling sixteen 

borings (GEI-1 through GEI-16) in September, 2009 and September 2010.  The borings were 

completed using trailer-mounted, continuous-flight, hollow-stem auger drilling equipment.       

The approximate locations of the explorations completed for this project are presented on the 

Site Plan, Figure 2.  Details of the field exploration program and logs of the explorations are 

presented in Appendix A. 

Laboratory Testing 

Soil samples were obtained during the drilling program and taken to GeoEngineers’ laboratory for 

further evaluation.  Selected samples were tested for the determination of moisture content, 

percent fines, gradation analyses, and Atterberg limits (plasticity characteristics).  The tests were 

performed in general accordance with test methods of the American Society for Testing and 

Materials (ASTM).  A description of the laboratory testing and the test results are presented in 

Appendix B. 

Geophysical Measurements 

Downhole geophysical measurements were completed in a blank casing installed in boring GEI-7 

for measurement of the shear wave velocity.  The results of the measurements are presented in 

Appendix C. 
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PREVIOUS STUDIES 

In addition to the explorations completed as part of this study, the logs of explorations completed 

as part of previous studies in the project vicinity were reviewed.  The approximate locations of 

explorations completed as part of previous studies are also shown in Figure 2, and the exploration 

logs are included in Appendix D.  The existing geotechnical information includes: 

■ The logs of 29 borings completed on the VA campus by Shannon and Wilson, Inc. in 1979; and 

■ The logs of two borings completed by Otto Rosenau & Associates in 2008.    

SITE CONDITIONS 

Geologic Setting 

The site is located on an upland glacial drift plain east of Elliot Bay and the Duwamish River valley, 

and west of Lake Washington.  The site is underlain by glacially consolidated soils forming a 

relatively thin veneer covering the underlying bedrock (Liesch et al., 1963; Troost et al., 2004).  

The glacially consolidated soils were deposited in the area during the last glacial period that ended 

approximately 15,000 years ago, during which deep erosion formed Lake Washington and 

Puget Sound.   

The site is located about 1 mile south of the Seattle Fault.  The Seattle Fault is a reverse thrust 

fault, and the site is situated on the upthrusted, or hanging wall, side of the fault.  Bedrock is 

present at the ground surface and at relatively shallow depths on the south side of the Seattle 

Fault.  To the north of the fault, the bedrock basement is several thousand feet below the surface 

and is overlain by both glacial and nonglacial deposits. 

Regional Seismicity 

Earthquake Source Zones 

The Seattle area is located near the convergent continental boundary known as the Cascadia 

Subduction Zone (CSZ), an approximately 650-mile-long thrust fault that extends along the 

Pacific Coast from mid-Vancouver Island to Northern California.  The CSZ is the zone where the 

westward advancing North American Plate is overriding the subducting Juan de Fuca Plate.  

The interaction of these two plates results in two potential seismic source zones:  (1) the Benioff 

source zone, and (2) the CSZ interplate source zone.  A third seismic source zone, referred to as 

the shallow crustal source zone, is associated with the north-south compression resulting from 

northerly movement of the Sierra Nevada block of the North American Plate. 

BENIOFF SOURCE ZONE 

Benioff source zone earthquakes are also referred to as intraplate, intraslab or deep subcrustal 

earthquakes.  Benioff zone earthquakes occur within the subducting Juan de Fuca Plate between 

depths of 20 and 50 miles and typically have no large aftershocks.  Extensive faulting results as 

the Juan de Fuca Plate is forced below the North American Plate and into the upper mantle.   

The Olympia 1949 (M = 7.1), the Seattle 1965 (M = 6.5) and the Nisqually 2001 (M = 6.8) 

earthquakes are considered to be Benioff zone earthquakes.  The Benioff zone is characterized as 
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being capable of generating earthquakes up to magnitude 7.5.  The recurrence interval for large 

earthquakes originating from the Benioff source zone is believed to be shorter than for the shallow 

crustal and CSZ source zones; damaging Benioff zone earthquakes in Western Washington occur 

every 30 years or so.  The deep focal depth of these earthquakes tends to dampen the shaking 

intensity when compared to shallow crustal earthquakes of similar magnitudes. 

CSZ INTERPLATE SOURCE ZONE 

CSZ interplate earthquakes result from rupture of all or a portion of the convergent boundary 

between the subducting Juan de Fuca Plate and the overriding North American Plate.  The fault 

surfaces approximately 50 to 75 miles off the Washington coast.  The width of the seismogenic 

portion of the CSZ interplate fault varies along its length.  As the fault becomes deeper, materials 

being faulted become ductile, and the fault is unable to store mechanical stresses.   

The CSZ is considered to be capable of generating earthquakes of magnitude 8 to magnitude 9 

and higher.  No earthquakes on the CSZ have been instrumentally recorded; however, through the 

geologic record and historical records of tsunamis in Japan, it is believed that the most recent 

CSZ event occurred in the year 1700 (Atwater, 1996; Satake et al., 1996).  Recurrence intervals 

for CSZ interplate earthquakes are thought to be on the order of 400 to 600 years.  Paleogeologic 

evidence suggests that five to seven interplate earthquakes may have been generated along the 

CSZ over the last 3,500 years at irregular intervals. 

SHALLOW CRUSTAL SOURCE ZONE 

The shallow crustal source zone is used to characterize shallow crustal earthquake activity within 

the North American Plate.  Shallow crustal earthquakes typically occur at depths ranging from 3 to 

20 miles.  The shallow crustal source zone is characterized as being capable of generating 

earthquakes up to about magnitude 7.5.  Large shallow crustal earthquakes are typically followed 

by a sequence of aftershocks.   

The largest known earthquakes associated with the shallow crustal source zone in Western 

Washington include an event on the Seattle Fault about A.D. 900 and the 1872 North Cascades 

earthquake.  The Seattle Fault event was believed to have been magnitude 7 or greater 

(Johnson et al., 1999), and the 1872 North Cascades earthquake is estimated to have been 

between magnitudes 6.8 and 7.4.  The location of the 1872 North Cascades earthquake is 

uncertain; however, recent research suggests that the earthquake’s intensity center was near the 

south end of Lake Chelan (Bakun et al., 2002).   

As noted above, the project site is located about 1 mile south of the Seattle Fault zone.  

The Seattle Fault zone is a 2- to 4-mile-wide, east-west trending zone of three or more splays of the 

south dipping reverse fault (Johnson et al., 1999).  The Seattle Fault ruptured about 1,100 years 

ago and caused broad uplift and subsidence on both sides of the fault.  The rate of recurrence of 

large earthquakes on the Seattle Fault is thought to be on the order of thousands of years. 

Surface Conditions 

The VA Puget Sound Healthcare System facility is situated on an approximately 51-acre campus in 

Seattle’s Beacon Hill neighborhood.  The campus is bounded by the Jefferson Park golf club to the 

north, Asa Mercer Junior High school to the west, Beacon Avenue South to the east and portions of 

South Snoqualmie Street, South Columbian Way and South Alaska Street to the south.  The site is 
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currently occupied by asphalt concrete surface parking lots that border the east, west and south 

sides of the hospital buildings.  The VA Puget Sound Healthcare System campus is composed of 

approximately 25 buildings that are located in the central and northeast portions of the site.  

Numerous buried utilities are located within or near the site; these utilities include gas, power, 

communications, sanitary sewer, storm drain and water.   

In general, the site topography slopes down to the south and west.  The existing ground surface 

varies from about Elevation 345 at the north/northeast portion of the property to about 

Elevation 300 feet along the south side of the property, along South Columbian Way. 

Vegetation is limited to trees, shrubs and lawn areas associated with the campus landscaping that 

surrounds buildings and parking areas.  No surface water features were observed in the immediate 

site vicinity.   

Subsurface Conditions 

In general, the soils observed in the explorations completed at the project site consisted of fill, 

glacially consolidated deposits and bedrock.  This section describes the units in the order of 

deposition, starting with the most recent. 

Fill consisting of very loose to very dense silty sand with variable gravel content and stiff silt with 

variable sand content was observed in borings GEI-1, GEI-2, GEI-3, GEI-4, GEI-7, GEI-8, and GEI-9 

through GEI-16. Where encountered, the fill extended from the ground surface to approximate 

depths ranging from less than 1-foot to 17 feet below the ground surface.  Borings GEI-5, GEI-5, 

GEI-6, and GEI-9 through GEI-16 encountered approximately 1½ to 3 inches of asphalt concrete 

pavement at the ground surface.  In some of the boring locations the asphalt concrete pavement 

was underlain with a base course consisting of fine to coarse gravel with sand with a thickness up 

to 6 inches thick. 

Glacially consolidated soils were encountered at the ground surface at the boring GEI-5 and GEI-6 

locations and below the fill in each of the remaining borings completed as part of this study.  

The glacially consolidated soils encountered in the explorations consist of interbedded layers of 

medium dense to very dense silty sand with variable gravel content, medium dense to very dense 

sand with silt and variable gravel content, and very stiff to hard silt and clay of variable plasticity 

and with variable sand content.  Occasional cobbles were inferred from the drilling action.  Glacially 

consolidated soils in the site vicinity are known to contain cobbles and boulders and should be 

anticipated during construction. 

Siltstone and claystone bedrock was encountered in borings GEI-1, GEI-3, GEI-4 and GEI-7 below 

the glacially consolidated soils and at depths ranging from approximately 27 to 50 feet below 

existing grades.  Bedrock was encountered in many of the explorations completed for previous 

studies at depths ranging from approximately 24 to 47 feet below site grades.   

Groundwater Conditions 

Perched groundwater was noted at variable depths on the previous exploration logs.  The extent 

of fine-grained (silt and clay) and silty sand soils noted on the exploration logs indicates that 

groundwater, where encountered, will likely be associated with isolated zones of perched 
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groundwater throughout the depth of the planned excavations.  Groundwater conditions will likely 

vary by location and season. 

CONCLUSIONS AND RECOMMENDATIONS 

Summary 

A summary of the primary geotechnical considerations is provided below.  The summary is 

presented for introductory purposes only and should be used in conjunction with the complete 

recommendations presented in this report. 

■ A site-specific probabilistic site response analysis was completed to assess the BSE-1 and 

BSE-2 seismic hazard at the site and to develop site-specific response spectra in accordance 

with the ASCE 41-06 code.  These site-specific response spectra should be used for the 

seismic retrofit of the Nursing Tower and the CLC building.  The new parking garage and Mental 

Health Services and Research building can be designed using the site-specific spectrum or 

using the 2006 International Building Code (IBC) spectrum for Site Class C. 

■ Competent glacially consolidated soils are present at relatively shallow depths across the site.  

The planned parking garage is anticipated to be supported on shallow spread or mat 

foundations bearing on the native glacially consolidated soils.  The Mental Health Services and 

Research building will be supported on shallow foundations bearing either directly on native 

glacially consolidated soils or on structural fill/controlled density fill (CDF) extending down to 

the native glacially consolidated soils.  Existing fill within the footprint of the Mental Health 

Services and Research building should be removed prior to construction of the new building.     

■ Temporary shoring will be required to construct the below-grade portion of the planned parking 

garage.  Soldier pile walls (with tiebacks where necessary) are recommended for this project 

due to the variable thickness of fill present at the site, perched groundwater conditions, and 

system reliability.     

■ Permanent drainage measures should be incorporated into the design of below-grade walls 

and below slabs-on-grade, as is standard practice in the Seattle area for excavations into 

low-permeability soils.     

■ The lowest level of the parking garage and Mental Health Services and Research building can 

be constructed as slab-on-grade.    Existing fill soils should be removed from the footprint of the 

Mental Health Services and Research building and replaced with properly compacted structural 

fill, where new fill is required. 

■ The soil layering/gradation at the VA Seattle campus is highly heterogeneous.  Soil gradation 

changes significantly with depth in each boring and between adjacent borings.  Also, much of 

the near surface soils have a relatively high fines content and as a result, have lower 

permeabilities.  Due to the variability of the soil gradation and the lower permeability of the 

near surface soils, infiltration of storm water will be difficult and is not recommended. 

Our specific geotechnical recommendations are presented in the following sections of this report. 



NEW MENTAL HEALTH BUILDING/SEISMIC RETROFIT OF NURSING TOWER/NEW PARKING GARAGE  Seattle, Washington 

  September 30, 2010 | Page 7 
 File No. 9851-006-00 

Seismic Hazards 

Ground Rupture 

Because of the anticipated infrequent recurrence of earthquake events and the project site’s 

location with respect to the nearest known fault (Seattle Fault), it is our opinion that the risk of 

ground rupture at the site resulting from surface faulting is low.  

Liquefaction Potential 

Liquefaction refers to a condition in which vibration or shaking of the ground, usually from 

earthquake forces, results in development of high excess pore water pressures in saturated soils 

and subsequent loss of stiffness and/or strength in the deposit of soil so affected.  In general, 

soils that are susceptible to liquefaction include loose to medium dense, clean to silty sands 

that are below the water table.  We conclude that the medium dense to very dense/hard 

glacially consolidated deposits below the site result in a low potential for liquefaction and 

liquefaction-induced displacements at the site.   

2006 IBC Seismic Design Information 

We recommend the 2006 IBC parameters for site class, short period spectral response 

acceleration (SS), 1-second period spectral response acceleration (S1), and seismic coefficients 

FA and FV presented in the following table.  These values are based on the 2002 United States 

Geological Survey (USGS) Seismic Hazard Maps. 

2009 IBC Parameter Recommended Value 

Site Class C 

Short Period Spectral Response Acceleration, SS (percent g) 155 

1-Second Period Spectral Response Acceleration, S1 (percent g) 53 

Seismic Coefficient, FA 1.0 

Seismic Coefficient, FV 1.30 

 

Site-Specific Response Spectra  

A site-specific seismic hazard analysis per ASCE 41-06 Section 1.6.2 was completed to develop the 

response spectra for the BSE-1 and BSE-2 earthquake levels for use in the seismic retrofit of the 

Nursing Tower and the CLC building.  The recommended site-specific horizontal and vertical 

response spectra are presented in Figures 3 and 4, respectively.    

The response spectra at the site was evaluated using the published ground motion prediction 

equations (GMPEs) (or attenuation relations) and by completing probabilistic 1-dimensional 

site-specific seismic response analysis.  Site response spectra were calculated at two foundation 

depths: one at the ground surface and the other at 15 feet below the ground surface.  

The site-specific response spectra were developed by probabilistically integrating the results of the 

published GMPEs and the results of the probabilistic seismic response analysis.   
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The vertical response spectra were developed by first calculating the ratio of vertical to horizontal 

(V/H) response spectra for period range of 0 to 3 seconds using the GMPEs developed by 

Abrahamson and Silva (1997) and by Campbell and Bozorgnia (2003).  The resulting V/H ratios 

were then integrated probabilistically with the horizontal response spectra to compute the site-

specific vertical response spectra.   

The seismic hazard calculation and probabilistic site response analysis were completed by 

Dr. Walter J. Silva with Pacific Engineering and Analysis (PE&A) as a subconsultant to 

GeoEngineers.  Details of the site-specific seismic hazard analysis are presented in Appendix E.    

Earthquake Time Histories 

Seven representative orthogonal sets of earthquake time histories will be used by Degenkolb as 

input for the nonlinear dynamic analysis.  These seven sets of earthquake time histories need to be 

scaled such that the average of the square root of the sum of squares (SRSS) spectra from all 

horizontal component pairs does not fall below 1.3 times the corresponding ordinate of the 

site-specific response spectrum within the period range of interest, as required by ASCE 41-06 

Section 1.6.2.2.  Based on the analysis completed by Degenkolb, the period range of interest is 

approximately 1 to 1.5 seconds for the Nursing Tower and is approximately 0.1 to 0.3 seconds for 

the CLC.   

Based on the results of the seismic hazard deaggregation analyses by USGS, the seismic hazard at 

the project site is dominated by Seattle Fault for periods between 0.1 and 2 seconds.  The seven 

earthquakes presented in the table below were selected to be representative of the seismic hazard 

for this project.  Five of the selected records represent the Seattle Fault earthquake hazard, one 

represents the Benioff earthquake hazard and one represents the CSZ interplate earthquake 

hazard.  The plots of acceleration versus time for each of the unscaled motions are presented in 

Figures 5 through 11.   

Earthquake M Station 
Distance 

(km) 

Recorded Peak Ground 

Acceleration (PGA) 

Landers 1992 7.3 Lucerne 1 0.79 (NS)/0.73 (EW)/0.82 (UP) 

Iran 1978 7.4 Tabas 3 0.84 (NS)/0.85 (EW)/0.69 (UP) 

Loma Prieta 1989 7.0 Gilroy 34 0.33 (NS)/0.36 (EW)/0.19 (UP) 

San Fernando 1971 6.6 Pacoima Kagel Canyon 18 1.23 (NS)/1.16 (EW)/0.70 (UP) 

Taiwan Chi-Chi 1999 7.6 TCU071 5 0.65 (NS)/0.57 (EW)/0.45 (UP) 

Nisqually 2001 6.8 Alki 73 0.04 (NS)/0.02 (EW)/0.02 (UP) 

Mexico-Michoacan 1985 8.1 Villita 48 0.10 (NS)/0.11 (EW)/0.06 (UP) 

 

The table below presents the scaling factors developed for the horizontal (H) and vertical (V) 

components of each of the earthquake time histories for the Nursing Tower and CLC building for 

the BSE-1 and BSE-2 earthquake levels.   
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Earthquake 
Nursing Tower CLC Building 

BSE-1 BSE-2 BSE-1 BSE-2 

Landers 1992 0.3 (H), 0.5 (V) 0.8 (H), 1.0 (V) 0.5 (H), 0.7 (V) 1.0 (H), 1.4 (V) 

Iran 1978 0.3 (H), 0.4 (V) 0.6 (H), 0.7 (V) 0.5 (H), 0.5 (V) 0.7 (H), 1.0 (V) 

Loma Prieta 1989 0.9 (H), 2.0 (V) 2.3 (H), 4.0 (V) 1.2 (H), 1.6 (V) 2.3 (H), 3.2 (V) 

San Fernando 1971 0.2 (H), 0.5 (V) 0.6 (H), 1.0 (V) 0.4 (H), 0.4 (V) 0.6 (H), 0.8 (V) 

Taiwan Chi-Chi 1999 0.4 (H), 0.5 (V) 0.8 (H), 1.0 (V) 0.7 (H), 0.7 (V) 1.0 (H), 1.4 (V) 

Nisqually 2001 3.2 (H), 4.0 (V) 8.0 (H), 8.0 (V) 5.0 (H), 5.5 (V) 8.0 (H), 11.0 (V) 

Mexico-Michoacan 1985 1.6 (H), 2.0 (V) 4.0 (H), 4.0 (V) 2.0 (H), 2.8 (V) 4.0 (H), 5.6 (V) 

 

The average SRSS spectra of the horizontal components of the seven scaled earthquake time 

histories is presented in Figures 12 and 13 for the Nursing Tower and CLC building, respectively.  

For comparison purposes, Figures 12 and 13 also show 1.3 times the recommended response 

spectra for both the BSE-1 and BSE-2 earthquake levels.  Figures 14 and 15 show the average 

vertical spectra of the seven scaled earthquake time histories for the Nursing Tower and 

CLC building, respectively.  

We understand that Degenkolb will include the soil-foundation interaction effect in the structural 

analysis via the use of soil springs.  The foundation soil springs will be developed using the 

methodologies specified in ASCE 41-06 Section C4.4.2 that require the effective shear modulus of 

the foundation soils as input.  The effective shear modulus of the soils can be correlated with the 

effective shear wave velocity of the foundation soils.  Based on the shear wave velocity 

measurement and the shear modulus reduction factor per ASCE 41-06, the effective shear 

wave velocity for the foundation soil near the ground surface is recommended to be 570 feet per 

second (ft/s).  For the foundation soil below a depth of 15 feet, the recommended effective shear 

wave velocity is 750 ft/s. 

Excavation Support 

The appropriate temporary shoring system depends on subsurface soil and groundwater 

conditions, excavation depth, deflection tolerances and proximity of existing structures.  Temporary 

shoring will be required for the planned parking garage excavation and we understand that the 

temporary shoring will be designed by the contractor. Conventional soldier pile and tieback shoring 

is recommended for the planned parking garage due to: 1) the thickness of fill soils at the site, 

2) the presence of perched groundwater, 3) the need to protect existing improvements and limit 

vertical and horizontal deformations that could damage existing improvements, and 4) soldier pile 

and tieback shoring is anticipated to be a more reliable shoring system.  General design 

recommendations for temporary soldier pile and tieback walls are presented below to assist the 

project team during the design phase.  

Excavation Considerations 

The site soils may be excavated with conventional excavation equipment, such as trackhoes or 

dozers.  It may be necessary to rip the glacially consolidated soils locally to facilitate excavation.  

The contractor should be prepared for occasional cobbles and boulders in the site soils.  
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Likewise, the surficial fill may contain foundation elements and/or utilities from previous site 

development, debris, rubble and/or cobbles and boulders.  We recommend that procedures be 

identified in the project specifications for measurement and payment of work associated 

with obstructions. 

Soldier Pile and Tieback Walls 

Soldier pile walls consist of steel beams that are concreted into drilled vertical holes located along 

the wall alignment, typically 8 feet on center.  After excavation to specified elevations, tiebacks are 

installed, if necessary.  Once the tiebacks are installed, the pullout capacity of each tieback is 

tested, and the tieback is locked-off to the soldier pile at or near the design tieback load.  Tiebacks 

typically consist of steel strands or bars that are installed into pre-drilled holes and then either 

tremie or pressure grouted.  Timber lagging is typically installed behind the flanges of the steel 

beams to retain the soil located between the soldier piles.  Geotechnical design recommendations 

for each of these components of the soldier pile and tieback wall system are presented in the 

following sections.   

SOLDIER PILES 

We recommend that soldier pile walls be designed using the earth pressure diagrams presented in 

Figures 16 and 17.  The earth pressures presented in Figure 16 are for full height cantilever soldier 

pile walls.  The earth pressures presented in Figure 17 are for full-height soldier pile walls with a 

single level or multiple levels of tiebacks.  Recommended surcharge pressures for design of the 

shoring walls are presented in Figure 18.  The earth pressures presented in Figures 16 through 

18 represent the estimated loads that will be applied to the wall system for various wall heights. 

The earth pressures presented in Figures 16 and 17 include the loading from traffic surcharge.  

Additional surcharge loads (floor or foundation loads, etc.) can be evaluated using the surcharge 

pressures presented in Figure 18.  Other surcharge loads, such as cranes, construction equipment 

or construction staging areas, should be considered by GeoEngineers on a case-by-case basis.  

In Figures 16 and 17, no seismic pressures have been included because it is assumed that the 

shoring will be temporary.   

We recommend that the embedded portion of the soldier piles be at least 2 feet in diameter and 

extend a minimum distance of 10 feet below the base of the excavation to resist “kick-out.”  

The axial capacity of the soldier piles must resist the downward component of the anchor loads 

and other vertical loads, as appropriate.  We recommend using an allowable end bearing value of 

40 kips per square foot (ksf) for piles supported on the glacially consolidated soils.  The allowable 

end bearing value should be applied to the base area of the drilled hole into which the soldier pile 

is concreted.  This value includes a factor of safety of about 2.5.  The allowable end bearing value 

assumes that the shaft bottom is cleaned out immediately prior to concrete placement.  

If necessary, an allowable pile skin friction of 1.5 ksf may be used on the embedded portion of the 

soldier piles to resist the vertical loads. 

LAGGING 

We recommend that the temporary timber lagging be sized using the procedures outlined in the 

Federal Highway Administration’s Geotechnical Engineering Circular No. 4.  The site soils are best 

described as competent soils.  The following table presents recommend timber lagging thicknesses 
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(roughcut) as a function of soldier pile clear span and depth.  Shotcrete lagging can be used as an 

alternative to timber lagging, depending upon the contractor’s preference. 

Depth (feet) 
Recommended Lagging Thickness (roughcut) for clear spans of: 

5 feet 6 feet 7 feet 8 feet 9 feet 10 feet 

0 to 25 2 inches 3 inches 3 inches 3 inches 4 inches 4 inches 

25 to 50 3 inches 3 inches 3 inches 4 inches 4 inches 5 inches 

 

Lagging should be installed promptly after excavation, especially in areas where perched 

groundwater is present or where clean sand and gravel soils are present and caving soils 

conditions are likely.  The workmanship associated with lagging installation is important for 

maintaining the integrity of the excavation.   

The space behind the lagging should be filled with soil as soon as practicable.  The voids behind 

the lagging should be backfilled immediately or within a single shift, depending on the selected 

method of backfill.  Placement of backfill will help reduce the risk of voids developing behind the 

wall and damage to existing improvements located behind the wall.   

Lean concrete is a suitable option for the use of backfill behind the walls.  Lean concrete will 

reduce the volume of voids present behind the wall.  Alternatively, lean concrete may be used for 

backfill behind the upper 15 to 20 feet of the excavation to limit caving and sloughing of the upper 

soils, with on-site soils used to backfill the voids for the remainder of the excavation.  Based on our 

experience, the voids between each lean concrete lift are sufficient for preventing the buildup of 

hydrostatic pressure behind the wall. 

TIEBACKS 

Tieback anchors can be used for wall heights where cantilever soldier pile walls are not 

cost-effective.  Tieback anchors should extend far enough behind the wall to develop anchorage 

beyond the “no-load” zone and within a stable soil mass.  The anchors should be inclined 

downward at 15 to 25 degrees below the horizontal.  Corrosion protection will not be required for 

the temporary tiebacks with a design life of less than one year. 

Centralizers should be used to keep the tieback in the center of the hole during grouting.  

Structural grout or concrete should be used to fill the bond zone of the tiebacks.  A bond breaker, 

such as plastic sheathing, should be placed around the portion of the tieback located within the 

no-load zone if the shoring contractor plans to grout both the bond zone and unbonded zone of the 

tiebacks in a single stage.  If the shoring contractor does not plan to use a bond breaker to isolate 

the no-load zone, GeoEngineers should be contacted to provide recommendations.   

Loose soil and slough should be removed from the holes drilled for tieback anchors prior to 

installing the tieback.  The contractor should take necessary precautions to minimize loss of 

ground and prevent disturbance to previously installed anchors and existing improvements in the 

site vicinity.  Holes drilled for tiebacks should be grouted/filled promptly to reduce the potential for 

loss of ground.    
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Tieback anchors should develop anchorage in the glacially consolidated soils.  We recommend that 

spacing between tiebacks be at least 3 times the diameter of the anchor hole to minimize group 

interaction.  We recommend a preliminary design load transfer value between the anchor and soil 

of 3 kips/foot for glacially consolidated soils and 1.5 kips/foot for fill soil.  Higher adhesion values 

may be developed, depending on the anchor installation technique.  The contractor should be 

given the opportunity to use higher adhesion values by conducting performance tests prior to the 

start of installing the production tieback anchors. 

The tieback anchors should be verification- and proof-tested to confirm that the tiebacks have 

adequate pullout capacity.  The pullout resistance of tiebacks should be designed using a factor of 

safety of 2.  The pullout resistance should be verified by completing at least two successful 

verification tests in each soil type and a minimum of four total tests for the project.  Each tieback 

should be proof-tested to 133 percent of the design load.  Verification and proof tests 

should be completed as described in Appendix F, “Ground Anchor Load Tests and Shoring 

Monitoring Program.” 

The tieback layout and inclination should be checked to confirm that the tiebacks do not interfere 

with adjacent buried utilities.   

DRAINAGE 

A suitable drainage system should be installed to prevent the buildup of hydrostatic groundwater 

pressures behind the soldier pile and lagging wall.  It may be necessary to cut weep holes through 

the lagging in wet areas.  Seepage flows at the base of the excavation should be contained and 

controlled.  Drainage should be provided for permanent below-grade walls as described below in 

the “Below-Grade Walls” section of this report. 

CONSTRUCTION CONSIDERATIONS 

Temporary casing or drilling fluid may be required to install the soldier piles and possibly the 

tiebacks where: 

■ Loose fill is present; 

■ The native soils do not have adequate cementation or cohesion to prevent caving or raveling;  

■ Perched groundwater is present. 

GeoEngineers should be allowed to observe and document the installation and testing of the 

shoring to verify conformance with the design assumptions and recommendations. 

Temporary Dewatering 

The static groundwater table is located below the planned base of the excavation.  This conclusion 

is based on the boring data, our experience with nearby deep excavations and the nature of the 

soils at the site.   

For planning purposes, we recommend that the contractor plan to use sumps and pumps located 

within the excavation for any required temporary dewatering associated with perched groundwater.  

For planning purposes, groundwater flow rates of up to 15 gallons per minute can be assumed.  

Surface water from rainfall will likely contribute significantly to the volume of water that 
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needs to be removed from the excavation during construction and will vary as a function of season 

and precipitation.  

Shallow Foundations  

We recommend that the planned buildings be supported on conventional spread or mat 

foundations bearing on undisturbed glacially consolidated soils or on structural fill/CDF extending 

down to the undisturbed glacially consolidated soils.  Existing fill soils, where present below 

planned foundation subgrade elevation, should be removed and replaced with properly compacted 

structural fill.  The planned parking garage foundation elevations are anticipated to be within the 

glacially consolidated soils and little or no fill will be required below foundation elements.  

The Mental Health Services and Research building foundation elevations vary from below existing 

grades and within glacially consolidated soils to above existing grades where removal of existing fill 

and placement of new fill will be required.     

As described in Subsurface Conditions above, the site soils consist of a variable thickness of fill 

overlying the glacially consolidated soils (bearing soils).  The estimated contours of the elevation of 

the fill/glacially consolidated soils contact are presented on the Site Plan, Figure 2.  The contours 

of the fill/glacially consolidated contact presented in Figure 2 represent the estimated highest 

elevation of the bearing soils across the site.  The contours in Figure 2 are based on interpretation 

of the soil conditions at the location of widely spaced borings completed at the site and represent 

the best estimate of the top of bearing soils elevation (no conservatism is included in the 

interpretation).  The actual elevation of the bearing soils between the boring locations may vary 

from the value presented at a specific location.  Additionally, because continuous soil sampling was 

not completed in the borings, the contact between the fill and glacially consolidated soils may be 

estimated where the contact occurs between soil samples, thus adding uncertainty.  It should be 

recognized that variations in soil conditions and potential differences in actual and recommended 

bearing elevations may be encountered during construction.   

The contours in Figure 2 have been provided for the project team to estimate the amount of 

earthwork required for construction of the planned buildings.  It is recommended that a 

contingency be included for some over-excavation by the contractor and for potential differences 

between actual and estimated bearing elevations.   

Allowable Bearing Pressure   

For foundations constructed as recommended in this report, we recommend using an allowable 

bearing pressure of 12 ksf for shallow foundations bearing on the dense to very dense glacially 

consolidated deposits or controlled density fill (CDF) extending down to dense to very dense 

glacially consolidated deposits.  Mat foundations bearing on very dense glacially consolidated soils 

may be designed using an allowable bearing pressure of 10 ksf. Where 1 to 5 feet of structural fill 

will be placed below the foundation subgrade elevation, we recommend that the foundations be 

designed for an allowable bearing pressure of 10 ksf.  Where between 5 and 10 feet of structural 

fill will be placed below the foundation subgrade elevation, we recommend that the foundations be 

designed for an allowable bearing pressure of 8 ksf.  GeoEngineers should be contacted for 

guidance if more than 10 feet of structural fill will be required below the planned foundation 

subgrade elevation.  
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The allowable soil bearing pressures are net values and apply to the total of dead and long-term 

live loads and may be increased by up to one-third for wind or seismic loads.  The allowable soil 

bearing pressures assume that all loose soil is removed and that the subgrade is prepared using 

an excavator equipped with a smooth bucket without disturbance of the native soils.   

Settlement   

Provided all loose soil is removed and the subgrade is prepared as recommended under 

“Construction Considerations” below, we estimate the total settlement of shallow foundations will 

be about 1 inch or less.  The settlements will occur rapidly, essentially as loads are applied.  

Differential settlements between footings could be half of the total settlement.  Note that smaller 

settlements will result from lower applied loads.   

Lateral Resistance 

Lateral foundation loads may be resisted by passive resistance on the sides of footings and by 

friction on the base of the shallow foundations.  For shallow foundations supported on native soils, 

the allowable frictional resistance may be computed using a coefficient of friction of 0.4 applied to 

vertical dead-load forces. 

The allowable passive resistance may be computed using an equivalent fluid density of 

400 pounds per cubic foot (pcf) (triangular distribution).  These values are appropriate for 

foundation elements that are poured directly against undisturbed glacially consolidated soils or 

surrounded by properly compacted structural fill.   

The above coefficient of friction and passive equivalent fluid density values incorporate a factor of 

safety of about 1.5. 

Construction Considerations 

If soft areas or existing fill is present below the foundation subgrade elevation, the soft 

areas/existing fill should be removed and replaced with lean concrete or structural fill.  In such 

instances, the zone of structural fill should extend laterally beyond the footing edges for a 

horizontal distance at least equal to the thickness of the fill.  Where CDF is used to replace fill or 

soft soils, the CDF should replace the fill/soft soils under the full footprint of the foundation and 

should extend down to undisturbed native glacially consolidated soils.  In such instances, the 

geotechnical engineer shall verify that the subgrade has been properly prepared. 

Glacially consolidated soils are susceptible to softening from water or construction traffic.  

If necessary, we recommend that the contractor be prepared to pour a mud mat consisting of lean 

concrete across the exposed foundation subgrade to protect it from softening during wet weather 

conditions or where groundwater seepage is present. 

We recommend that GeoEngineers observe the condition of all subgrade areas to evaluate whether 

the work is completed in accordance with our recommendations and whether the subsurface 

conditions are as anticipated. 
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Slab-on-Grade Floors  

Subgrade Preparation 

A variable thickness of undocumented fill is present below the footprint of the proposed 

Mental Health Services and Research building.  Also the Mental Health Services and Research 

building has variable foundation and slab-on-grade elevations.  Given the combination of variable 

undocumented fill thickness and foundation/slab-on-grade elevations, it is recommended that the 

existing fill be removed from within the Mental Health Services and Research building footprint 

and that new fill, where required, be placed as structural fill.  The estimated elevation of the 

fill/glacially consolidated soil contact presented on Figure 2 can be used when estimating 

earthwork quantities. 

The exposed slab-on-grade subgrade should be evaluated after site grading is complete.  

Proof-rolling with heavy, rubber-tired construction equipment should be used for this purpose 

during dry weather and if access for this equipment is practical.  Probing should be used to 

evaluate the subgrade during periods of wet weather or if access is not feasible for construction 

equipment.  The exposed soil should be firm and unyielding, and without significant groundwater.  

Disturbed areas should be recompacted if possible or removed and replaced with compacted 

structural fill.  The slabs-on-grade will bear on structural fill or glacially consolidated soils.  

These soils can be locally soft when wet and may not provide adequate support for construction 

equipment.  A granular work pad over the prepared slab subgrade may facilitate construction 

activities, depending upon weather conditions, soil conditions and/or the presence of perched 

groundwater at the subgrade elevation.  The work pad will help prevent subgrade disturbance, 

facilitate construction traffic and aid in removal of rainwater and groundwater seepage.  

GeoEngineers can work with the contractors to identify whether a work pad is required based on 

conditions observed during construction, the thickness of the work pad and the work pad material 

gradation.  Typical work pads consist of a 6- to 12-inch-thick layer of clean granular fill such as 

Mineral Aggregate Type 17 (bank run gravel), City of Seattle Standard Specification 9-03.16.  

The work pad material should be placed in one lift over the subgrade and be compacted using a 

smooth drum roller.   

Based on our experience with other projects, it is unlikely that it will be possible to prevent the work 

pad from becoming contaminated with fines during the installation of foundations and/or 

below-slab utilities such as plumbing.  Therefore, it will likely not be possible to use the work pad as 

the underslab drainage layer.  We recommend that the excavation be extended sufficiently 

below the slab subgrade elevation to accommodate the work pad as well as the underslab 

capillary break. 

An alternative to the use of a work pad is to leave the subgrade elevation approximately 1-foot 

higher than final grade during foundation construction and installation of below-slab utilities.  

After completion of this work, the remaining approximately 1-foot of soil will be removed and 

immediately replaced with the underslab capillary break layer.  With this alternative, it still may be 

necessary to construct temporary access roads for construction traffic, especially during periods of 

wet weather.  The decision to utilize a work pad or to leave the subgrade high until capillary break 

placement should be made by the general contractor. 
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Design Parameters 

Conventional slabs may be supported on-grade, provided the subgrade soils are prepared as 

recommended under the “Subgrade Preparation” section above.  We recommend that the slab be 

founded on either undisturbed glacially consolidated soils or on structural fill placed over the 

undisturbed glacially consolidated soils.  For slabs designed as a beam on an elastic foundation, a 

modulus of subgrade reaction of 250 pounds per cubic inch (pci) may be used for subgrade soils 

prepared as recommended.  

We recommend that the slab-on-grade floors be underlain by a 6-inch-thick capillary break 

consisting of material meeting the requirements of Mineral Aggregate Type 22 (⅝-inch crushed 

gravel), City of Seattle Standard Specification 9-03.16, with the exception that this material should 

have less than 10 percent sand and less than 3 percent fines. 

Provided that loose soil is removed and the subgrade is prepared as recommended, we estimate 

that slabs-on-grade will not settle appreciably.   

Below-Slab Drainage 

We expect the static groundwater level to be located at or below the slab-on-grade level for 

the proposed building, and perched groundwater may be present above the slab subgrade 

elevation.  We recommend installing an underslab drainage system to remove water from below 

the slab-on-grade.  The underslab drainage system should include an interior perimeter drain and 

one longitudinal drain.  The drains should consist of perforated Schedule 40 polyvinyl chloride 

(PVC) pipes with a minimum diameter of 4 inches placed in a trench at least 12 inches deep.  

The top of the underslab drainage system trenches should coincide with the base of the capillary 

break layer.  The underslab drainage system pipes should have adequate slope to allow positive 

drainage to the sump/gravity drain.   

The drainage pipe should be either machine-slotted or perforated.  The slots should be a maximum 

of ⅛-inch wide with four slots per inch and extend over the lower 60-degree perimeter of the pipe.  

Perforated pipe should have two rows of ½-inch holes spaced 120 degrees apart and at 4 inches 

on center.  The underslab drainage system trenches should be backfilled with Mineral Aggregate 

Type 22 or Type 5 (1-inch washed gravel), City of Seattle Standard Specification 9-03.16, or an 

alternative approved by GeoEngineers.  The Type 22 or Type 5 material should be wrapped with a 

geotextile filter fabric meeting the requirements of construction geotextile for underground 

drainage, Washington State Department of Transportation (WSDOT) Standard Specification 9-33.  

The underslab drainage system pipes should be connected to a header pipe and routed to a sump 

or gravity drain.  Appropriate cleanouts for drainpipe maintenance should be installed.  A larger-

diameter pipe will allow for easier maintenance of drainage systems. 

If no special waterproofing measures are taken, leaks and/or seepage may occur in localized areas 

of the below-grade portion of the building, even if the recommended wall drainage and below-slab 

drainage provisions are constructed.  If leaks or seepage is undesirable, below-grade waterproofing 

should be specified.  A vapor barrier should be used below slab-on-grade floors located in occupied 

portions of the building. 
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Below-Grade Walls 

Permanent Subsurface Walls 

Permanent below-grade walls should be designed for the same earth pressures (including 

surcharge pressures where applicable) as the adjacent temporary walls, and should also include a 

seismic load acting over the height of the wall equal to 8H pounds per square foot (psf), where H is 

the height of the wall in feet.  Other surcharge loads, such as from foundations, construction 

equipment or construction staging areas, should be considered on a case-by-case basis.  We can 

provide the lateral pressures from these surcharge loads as the design progresses. 

The soil pressures recommended above assume that wall drains will be installed to prevent the 

buildup of hydrostatic pressure behind the walls, as described above in the “Excavation Support” 

section of this report, and tied to permanent drains to remove water to suitable discharge points. 

Other Cast-in-Place Walls 

Conventional cast-in-place walls may be necessary for small retaining structures located on-site.  

The lateral soil pressures acting on conventional cast-in-place subsurface walls will depend on the 

nature, density and configuration of the soil behind the wall and the amount of lateral wall 

movement that can occur as backfill is placed.  

For walls that are free to yield at the top at least 0.1 percent of the height of the wall, soil 

pressures will be less than if movement is limited by such factors as wall stiffness or bracing.  

Assuming that the walls are backfilled and drainage is provided as outlined in the following 

paragraphs, we recommend that yielding walls supporting horizontal backfill be designed using an 

equivalent fluid density of 35 pcf (triangular distribution), while non-yielding walls supporting 

horizontal backfill be designed using an equivalent fluid density of 55 pcf (triangular distribution).  

For seismic loading conditions, a rectangular earth pressure equal to 8H psf should be added to 

the active/at-rest pressures.  Other surcharge loading should be applied as appropriate.  

Lateral resistance for conventional cast-in-place walls can be provided by frictional resistance 

along the base of the wall and passive resistance in front of the wall in accordance with the 

previous “Lateral Resistance” discussion.   

The above soil pressures assume that wall drains will be installed to prevent the buildup of 

hydrostatic pressure behind the walls, as discussed below. 

Drainage 

Drainage behind the permanent below-grade walls is typically provided using drainage material 

attached to the lagging of soldier pile shoring walls or located behind the shotcrete facing if used in 

lieu of timber lagging.  The drainage material should be connected to weep pipes that extend 

through the exterior building wall at the footing elevation.  The weep pipes should be connected to 

perimeter footing drains that are in turn routed to a sump. 

The earth pressures presented in Figures 16 and 17 assume that adequate drainage is provided 

behind the wall.  Prefabricated geocomposite drainage material, such as MiraDrain 6000™, should 

be installed vertically to the face of the lagging.  For soldier pile shoring walls, the drainage material 

should be installed on the excavation side of the timber lagging with the fabric adjacent to the 
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lagging.  Where shotcrete facing is used, drainage strips should be installed between the soil and 

the back of the shotcrete facing. 

Full wall face coverage is preferable for minimizing spotting and leaking at the face of the 

permanent wall.  However, the use drainage strips, typically a minimum of 16 inches wide, placed 

between the piles or behind the shotcrete (if shotcrete facing is used) is sufficient for the structural 

integrity of the wall.  The drainage strips or full wall face coverage should extend the entire height 

of the wall.  If drainage strips are used, additional drainage strips may be necessary in wet areas.  

Although the use of full wall face coverage will reduce spotting or leaking at the face of the 

permanent wall, there is still a potential for seepage.  If this is a concern, waterproofing should 

be specified. 

Positive drainage should also be provided behind cast-in-place retaining walls by placing a 

minimum 2-foot-wide zone of Mineral Aggregate Type 17 (bank run gravel), City of Seattle Standard 

Specification 9-03.16, with the exception that the percent passing the U.S. No. 200 sieve is to be 

less than 3 percent.   

A perforated PVC pipe with a minimum diameter of 4 inches should be located at the base of all 

walls to remove water that collects in this zone.  The drainpipe should be placed with 0.5 percent 

minimum slopes and discharge to an appropriate location with sumps and pumps for discharge. 

Earthwork 

Structural Fill 

Fill placed to support structures, placed behind retaining structures, and placed below pavements 

and sidewalks will need to be specified as structural fill as described below: 

■ If structural fill is necessary beneath building footings and slabs, the fill should meet the 

requirements of Mineral Aggregate Type 2 or Type 17 (1¼-inch minus crushed rock or bank run 

gravel), City of Seattle Standard Specification 9-03.16.   

■ Structural fill placed behind retaining walls should meet the requirements of Mineral Aggregate 

Type 17 (bank run gravel), City of Seattle Standard Specification 9-03.16. 

■ Structural fill placed within utility trenches and below pavement and sidewalk areas should 

meet the requirements of Mineral Aggregate Type 17 (bank run gravel), City of Seattle 

Standard Specification 9-03.16.   

■ Structural fill placed as crushed surfacing base course below pavements and sidewalks 

should meet the requirements of Mineral Aggregate Type 2 (1¼-inch minus crushed rock), 

City of Seattle Standard Specification 9-03.16. 

ON-SITE SOILS 

The on-site soils are moisture-sensitive and generally have natural moisture contents higher than 

the anticipated optimum moisture content for compaction.  As a result, the on-site soils will likely 

require moisture-conditioning in order to meet the required compaction criteria during dry weather 

conditions and will not be suitable for reuse during wet weather.  Furthermore, most of the fill soils 

required for the project have specific gradation requirements, and the on-site soils do not meet 
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these gradation requirements.  Therefore, imported structural fill meeting the requirements listed 

above should be used where structural fill is necessary.   

FILL PLACEMENT AND COMPACTION CRITERIA 

Structural fill should be mechanically compacted to a firm, non-yielding condition.  Structural fill 

should be placed in loose lifts not exceeding 1-foot in thickness.  Each lift should be conditioned to 

the proper moisture content and compacted to the specified density before placing subsequent 

lifts.  Structural fill should be compacted to the following criteria: 

■ Structural fill placed in building areas (supporting foundations or slab-on-grade floors) and in 

pavement and sidewalk areas (including utility trench backfill) should be compacted to at least 

95 percent of the maximum dry density (MDD) estimated in accordance with American Society 

for Testing and Materials (ASTM) D 1557.   

■ Structural fill placed against subgrade walls should be compacted to between 90 and 

92 percent of the MDD.  Care should be taken when compacting fill against subsurface walls to 

avoid overcompaction and hence overstressing the walls. 

We recommend that GeoEngineers be present during probing of the exposed subgrade soils in 

subgrade areas, and during placement of structural fill.  We will evaluate the adequacy of the 

subgrade soils and identify areas needing further work, perform in-place moisture-density tests in 

the fill to verify compliance with the compaction specifications, and advise on any modifications to 

the procedures that may be appropriate for the prevailing conditions. 

WEATHER CONSIDERATIONS 

During wet weather, some of the exposed soils could become muddy and unstable.  If so affected, 

we recommend that: 

■ The ground surface in and around the work area should be sloped so that surface water is 

directed to a sump or discharge location.  The ground surface should be graded such that 

areas of ponded water do not develop.   

■ Slopes with exposed soils should be covered with plastic sheeting or similar means. 

■ The site soils should not be left uncompacted and exposed to moisture.  Sealing the surficial 

soils by rolling with a smooth-drum roller prior to periods of precipitation will reduce the extent 

to which these soils become wet or unstable. 

■ Construction activities should be scheduled so that the length of time that soils are left 

exposed to moisture is reduced to the extent practicable. 
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Temporary Slopes 

Temporary slopes may be used around the site to facilitate early installation of shoring or in the 

transition between levels at the base of the excavation.  We recommend that temporary slopes 

constructed in the fill be inclined at 1½H:1V (horizontal to vertical) and that temporary slopes 

constructed in the glacially consolidated soils be inclined at 1H:1V.  Flatter slopes may be 

necessary if seepage is present on the face of the cut slopes or if localized sloughing occurs.  

For open cuts at the site, we recommend that: 

■ No traffic, construction equipment, stockpiles or building supplies be allowed at the top of the 

cut slopes within a distance of at least 5 feet from the top of the cut. 

■ Exposed soil along the slope are protected from surface erosion using waterproof tarps or 

plastic sheeting. 

■ Construction activities are scheduled so that the length of time the temporary cut is left open is 

reduced to the extent practicable. 

■ Erosion control measures are implemented as appropriate such that runoff from the site is 

reduced to the extent practicable. 

■ Surface water is diverted away from the slope. 

■ The general condition of the slopes is observed periodically by the geotechnical engineer to 

confirm adequate stability. 

Because the contractor has control of the construction operations, the contractor should be made 

responsible for the stability of cut slopes, as well as the safety of the excavations.  Shoring and 

temporary slopes must conform to applicable local, state and federal safety regulations. 

Recommended Additional Geotechnical Services 

GeoEngineers should be retained to review the final project plans and specifications when 

complete to confirm that our design recommendations have been implemented as intended.   

During construction, GeoEngineers should observe the installation of the shoring system, 

review/collect shoring monitoring data, evaluate the suitability of the foundation subgrades, 

confirm removal of existing fill soils (where necessary), observe installation of subsurface drainage 

measures, evaluate structural backfill and provide a summary letter of our construction 

observation services.  The purposes of GeoEngineers’ construction phase services are to confirm 

that the subsurface conditions are consistent with those observed in the explorations and other 

reasons described in Appendix G, “Report Limitations and Guidelines for Use.” 

LIMITATIONS 

We have prepared this draft final report for the exclusive use of the U.S. Department of Veterans 

Affairs, Stantec, Coughlin Porter Lundeen, Degenkolb Engineers and their authorized agents for the 

project site.  The data should be provided to prospective contractors for their bidding or estimating 

purposes, but our report and interpretations should not be construed as a warranty of the 

subsurface conditions. 
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Within the limitations of scope, schedule and budget, our services have been executed in 

accordance with generally accepted practices in the field of geotechnical engineering in this area 

at the time this report was prepared.  No warranty or other conditions, express or implied, should 

be understood.  

Any electronic form, facsimile or hard copy of the original document (email, text, table, and/or 

figure), if provided, and any attachments are only a copy of the original document.  The original 

document is stored by GeoEngineers, Inc. and will serve as the official document of record. 

Please refer to Appendix G, “Report Limitations and Guidelines for Use,” for additional information 

pertaining to use of this report. 

We appreciate the opportunity to participate on this project.  Should you have any questions 

concerning this report or if we can be of additional service, please call. 
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Legend
H = Height of Excavation, Feet
D = Soldier Pile Embedment, Feet

New Mental Health Building/Seismic Retrofit of

Figure 16

Nursing Tower/New Parking Garage
Seattle, Washington

Earth Pressure Diagram
Temporary Cantilever Soldier Pile Wall



Earth Pressure Diagrams
Temporary Soldier Pile & Tieback Wall1. Apparent earth pressure and surcharge act over the pile spacing above the base of the excavation.

2. Passive earth pressure acts over 2.5 times the concreted diameter of the soldier pile, or the pile spacing,
whichever is less.

3. Passive pressure includes a factor of safety of 1.5

5. This pressure diagram is appropriate for temporary soldier pile and tieback walls. If additional surcharge
loading (such as from soil stockpiles, excavators, dumptrucks, cranes, or concrete trucks) is anticipated,
GeoEngineers should be consulted to provide revised surcharge pressures.

Notes:

4. Additional surcharge from footings of adjacent buildings should be included in accordance with recommendations
provided on Figure 4.

No Load Zone

to Uppermost Tieback, Feet

Height of Excavation, Feet
Soldier Pile Embedment Depth, Feet
Distance From Ground Surface

Horizontal Load in Uppermost Ground Anchor
Maximum Apparent Earth Pressure
Pounds per Square Foot

Legend
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Figure 17

Nursing Tower/New Parking Garage
Seattle, Washington



1. Procedures for estimating surcharge pressures shown above are based on Manual
7.02 Naval Facilities Engineering Command, September 1986 (NAVFAC DM 7.02).

2. Lateral earth pressures from surcharge should be added to earth pressures
presented on Figure 3.

3. See report text for where surcharge pressures are appropriate.

Recommended Surcharge Pressure

Definitions:
Point load in pounds
Line load in pounds/foot
Excavation height below footing, feet
Lateral earth pressure from surcharge, psf
Surcharge pressure in psf
Radians
Distribution of in plan view
Resultant lateral force acting on wall, pounds
Distance from base of excavation to resultant lateral force, feet

Notes: New Mental Health Building/Seismic Retrofit of

Figure 18

Nursing Tower/New Parking Garage
Seattle, Washington
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APPENDIX A 

FIELD EXPLORATIONS  

General 

Subsurface conditions were explored at the site by drilling sixteen borings (GEI-1 through GEI-16).  

The borings were completed to depths between 11½ and 62 feet below the existing 

ground surface.  The drilling was performed by Geologic Drill on September 24 and 25, 2009 

(GEI-1 through GEI-8) and September 1 and 2, 2010 (GEI-9 through GEI-16).   

The locations of the explorations were estimated in the field by measuring distances from site 

features through taping/pacing in the field.  The approximate exploration locations are shown on 

the Site Plan, Figure 2.  Boring elevations were estimated based on a topographic map prepared by 

PLS, Inc. dated October 15, 2009. 

Borings 

Borings were completed using trailer-mounted, continuous-flight, hollow-stem auger drilling 

equipment.  The borings were continuously monitored by a geotechnical engineer from our firm 

who examined and classified the soils encountered, obtained representative soil samples, 

observed groundwater conditions and prepared a detailed log of each exploration.   

The soils encountered in the borings were generally sampled at 2½- or 5-foot vertical intervals with 

a 2-inch outside diameter split-barrel standard penetration test (SPT) sampler.  The samples were 

obtained by driving the sampler 18 inches into the soil with a 140-pound hammer with a rope and 

cathead free-falling 30 inches.  The number of blows required for each 6 inches of penetration was 

recorded.  The blow count ("N-value") of the soil was calculated as the number of blows required for 

the final 12 inches of penetration.  This resistance, or N-value, provides a measure of the relative 

density of granular soils and the relative consistency of cohesive soils.  Where very dense 

soil conditions preclude driving the full 18 inches, the penetration resistance for the partial 

penetration was entered on the logs.  The blow counts are shown on the boring logs at the 

respective sample depths. 

Soils encountered in the borings were visually classified in general accordance with the 

classification system described in Figure A-1.  A key to the boring log symbols is also presented in 

Figure A-1.  The logs of the borings are presented in Figures A-2 through A-17.  The boring logs are 

based on our interpretation of the field and laboratory data and indicate the various types of soils 

and groundwater conditions encountered.  The logs also indicate the depths at which these soils or 

their characteristics change, although the change may actually be gradual.  If the change occurred 

between samples, it was interpreted.  The densities noted on the boring logs are based on the blow 

count data obtained in the borings and judgment based on the conditions encountered. 

Observations of groundwater conditions were made during drilling.  The groundwater conditions 

encountered during drilling are presented on the boring logs.  Groundwater conditions observed 

during drilling represent a short-term condition and may or may not be representative of the long-

term groundwater conditions at the site.  Groundwater conditions observed during drilling should 

be considered approximate. 
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Geophysical Test Casing Installation 

A representative of GeoEngineers observed the installation of a blank casing for downhole 

geophysical testing in boring GEI-7.  The casing was constructed using 2-inch-diameter polyvinyl 

chloride (PVC) casing.  The casing was installed to a depth of 61.5 feet.  The casing was backfilled 

using a mixture of portland cement, bentonite and water.  The casing was protected by installing a 

flush-mount steel monument set in concrete. 

 



Shelby tube

ADDITIONAL MATERIAL SYMBOLS
SYMBOLS TYPICAL

KEY TO EXPLORATION LOGS

CC

CR

Percent fines
Atterberg limits
Chemical analysis
Laboratory compaction test
Consolidation test
Direct shear
Hydrometer analysis
Moisture content
Moisture content and dry density
Organic content
Permeability or hydraulic conductivity
Pocket penetrometer
Sieve analysis
Triaxial compression
Unconfined compression
Vane shear

Bulk or grab

Piston

Standard Penetration Test (SPT)

Groundwater observed at time of
exploration

Approximate location of soil strata
change within a geologic soil unit

Asphalt Concrete

Measured groundwater level in
exploration, well, or piezometer

GC

PT

OH

CH

MH

OL

ORGANIC CLAYS AND SILTS OF
MEDIUM TO HIGH PLASTICITY

GM

GP

GW

DESCRIPTIONS
TYPICAL

LETTERGRAPH

(APPRECIABLE AMOUNT
OF FINES)

MORE THAN 50%
RETAINED ON NO.

200 SIEVE

SYMBOLSMAJOR DIVISIONS

WELL-GRADED SANDS, GRAVELLY
SANDSCLEAN SANDS

GRAVELS WITH
FINES

CLEAN
GRAVELS

HIGHLY ORGANIC SOILS

SILTS
AND

CLAYS

SILTS
AND

CLAYS

SAND
AND

SANDY
SOILS

GRAVEL
AND

GRAVELLY
SOILS

(LITTLE OR NO FINES)

FINE
GRAINED

SOILS

COARSE
GRAINED

SOILS

SW

MORE THAN 50%
OF COARSE
FRACTION

RETAINED ON NO.
4 SIEVE

CL

WELL-GRADED GRAVELS, GRAVEL -
SAND MIXTURES

POORLY-GRADED SANDS,
GRAVELLY SAND

INORGANIC SILTS, ROCK FLOUR,
CLAYEY SILTS WITH SLIGHT
PLASTICITY

INORGANIC SILTS, MICACEOUS OR
DIATOMACEOUS  SILTY SOILS

SILTY GRAVELS, GRAVEL - SAND -
SILT MIXTURES

(APPRECIABLE AMOUNT
OF FINES)

SOIL CLASSIFICATION CHART

LIQUID LIMIT
GREATER THAN 50

LIQUID LIMIT
LESS THAN 50

SANDS WITH
FINES

SP

PEAT, HUMUS, SWAMP SOILS WITH
HIGH ORGANIC CONTENTS

INORGANIC CLAYS OF HIGH
PLASTICITY

(LITTLE OR NO FINES)

ORGANIC SILTS AND ORGANIC
SILTY CLAYS OF LOW PLASTICITY

INORGANIC CLAYS OF LOW TO
MEDIUM PLASTICITY, GRAVELLY
CLAYS, SANDY CLAYS, SILTY CLAYS,
LEAN CLAYS

CLAYEY SANDS, SAND - CLAY
MIXTURES

SILTY SANDS, SAND - SILT
MIXTURES

CLAYEY GRAVELS, GRAVEL - SAND -
CLAY MIXTURES

POORLY-GRADED GRAVELS,
GRAVEL - SAND MIXTURES

ML

SC

SM

NOTE:  Multiple symbols are used to indicate borderline or dual soil classifications

MORE THAN 50%
PASSING NO. 200

SIEVE

MORE THAN 50%
OF COARSE
FRACTION

PASSING NO. 4
SIEVE

DESCRIPTIONS

No Visible Sheen
Slight Sheen
Moderate Sheen
Heavy Sheen
Not Tested

NS
SS
MS
HS
NT

LETTER

Distinct contact between soil strata or
geologic units

Material Description Contact

Approximate location of soil strata
change within a geologic soil unit

Distinct contact between soil strata or
geologic units

AC

Cement Concrete

Sampler Symbol Descriptions

GRAPH

Measured free product in well or
piezometer

Topsoil/
Forest Duff/Sod

Direct-Push

Crushed Rock/
Quarry Spalls

Graphic Log Contact

Sheen Classification

Laboratory / Field Tests

Blowcount is recorded for driven samplers as the number
of blows required to advance sampler 12 inches (or
distance noted).  See exploration log for hammer weight
and drop.

A "P" indicates sampler pushed using the weight of the
drill rig.

%F
AL
CA
CP
CS
DS
HA
MC
MD
OC
PM
PP
SA
TX
UC
VS

FIGURE A-1

2.4-inch I.D. split barrel

NOTE:  The reader must refer to the discussion in the report text and the logs of explorations for a proper understanding of subsurface conditions.
Descriptions on the logs apply only at the specific exploration locations and at the time the explorations were made; they are not warranted to be
representative of subsurface conditions at other locations or times.

Perched water observed at time of
exploration

TS



11

12

14

39

46

43

30

33

18

18

18

18

18

18

18

CC

SM

ML

SP-SM

SM

SP-SM

CH

CLAY-
STONE

4 inch Portland Cement concrete pavement
Light brown silty fine sand (medium dense,

moist) (fill)

Light brown silt with sand (stiff, moist to wet)

Light brown fine sand with silt (medium dense to
dense, moist) (glacially consolidated soils)

Light brown silty fine sand (dense, moist)

Light brown fine to medium sand with silt (dense,
wet)

Gray clay with interbedded sand layers (very
stiff, moist to wet)

Dark gray claystone (hard, moist) (bedrock)

1

2

3

4

5

6

7

8

%F=83

%F=10

Rods wet from 20 feet
%F=5

Harder drilling

Very slow drilling from 25 feet

AL

29

9

24

35

Total
Depth (ft)9/25/2009 9/25/2009

Hammer
Data

System
Datum

Start End
Checked By
Logged By

DPCDrilled

Notes:

BPD

Surface Elevation (ft)
Vertical Datum

Driller

Groundwater
Depth to
Water (ft)Date Measured Elevation (ft)

9/25/2009

Easting (X)
Northing (Y)

1276551.336
208706.198

XL-Trailer

NAD83

Geologic Drill Drilling
Method Hollow-Stem Auger30

HSA 7 1/4" OD; 3 1/4" ID

Rope & Cathead
140 (lbs) / 30 (in) Drop

308.0

328.0 Drilling
Equipment

20

Note:  See Figure A-1 for explanation of symbols.
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Project:
Project Location:
Project Number: 9851-006-00

Seattle, Washington
Figure A-2

Log of Boring GEI-1
Mental Health Building/Garage/Nursing Tower
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40

21

73

50/6"

50/1"

50/6"

50/6"

50/6"

18

18

18

12

1

6

6

6

TS

SM

SM

8 inches topsoil
Gray brown silty fine to medium sand with gravel

(medium dense to dense, moist) (fill)

Gray silty fine to medium sand with gravel and
occasional cobbles (very dense, moist)
(glacial till) (glacially consolidated soils)

Groundwater was not encountered

1

2

3

4

5

6

7

8

(till-like fabric)

%F=238

Total
Depth (ft)9/24/2009 9/24/2009

Hammer
Data

System
Datum

Start End
Checked By
Logged By

DPCDrilled

Notes:

BPD

Surface Elevation (ft)
Vertical Datum

Driller

Groundwater
Depth to
Water (ft)Date Measured Elevation (ft)

Easting (X)
Northing (Y)

1276444.506
208788.108

XL-Trailer

NAD83

Geologic Drill Drilling
Method Hollow-Stem Auger23

HSA 7 1/4" OD; 3 1/4" ID

Rope & Cathead
140 (lbs) / 30 (in) Drop331.0 Drilling

Equipment

Note:  See Figure A-1 for explanation of symbols.
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Project:
Project Location:
Project Number: 9851-006-00

Seattle, Washington
Figure A-3

Log of Boring GEI-2
Mental Health Building/Garage/Nursing Tower
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27

37

50/6"

50/4"

50/5"

18

18

12

12

11

TS

SM

SM

ML

SM

SM

3 inches topsoil
Gray/brown silty fine to medium sand (medium

dense, moist) (fill)

Gray/brown silty fine sand (dense, moist)
(glacially consolidated soils)

Gray silt with fine sand and occasional gravel
(hard, moist)

Gray silty fine to medium sand with occasional
gravel (very dense, wet)

Gray silty fine to medium sand with gravel (very
dense, moist)

1

2

3

5

6

%F=25

Rough drilling

Till-like

16

Total
Depth (ft)9/24/2009 9/24/2009

Hammer
Data

System
Datum

Start End
Checked By
Logged By

DPCDrilled

Notes:

BPD

Surface Elevation (ft)
Vertical Datum

Driller

Groundwater
Depth to
Water (ft)Date Measured Elevation (ft)

9/24/2009

Easting (X)
Northing (Y)

1276219.353
208540.581

XL-Trailer

NAD83

Geologic Drill Drilling
Method Hollow-Stem Auger23.5

HSA 7 1/4" OD; 3 1/4" ID

Rope & Cathead
140 (lbs) / 30 (in) Drop

310.5

325.5 Drilling
Equipment

15

Note:  See Figure A-1 for explanation of symbols.
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Project:
Project Location:
Project Number: 9851-006-00

Seattle, Washington
Figure A-4

Log of Boring GEI-3
Mental Health Building/Garage/Nursing Tower
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69

29

42

63

33

30

18

18

18

18

18

18

18

AC

SM

SM

CH/MH

3 inches asphalt concrete pavement
Light brown silty fine sand (medium dense,

moist) (fill)

Gray/brown silty fine sand with occasional gravel
(medium dense to very dense, moist to wet)
(glacially consolidated soils)

Grades to brown silty fine sand

Grades to gray

Gray silt/clay (very stiff to hard, moist)

1

2

3

4

5

6

7

No base course

Easy drilling

Harder drilling at 7 feet

Very hard drilling at 11 feet

%F=43

Horizontal bedding; massive fabric

24

Total
Depth (ft)9/25/2009 9/25/2009

Hammer
Data

System
Datum

Start End
Checked By
Logged By

DPCDrilled

Notes:

BPD

Surface Elevation (ft)
Vertical Datum

Driller

Groundwater
Depth to
Water (ft)Date Measured Elevation (ft)

9/25/2009

Easting (X)
Northing (Y)

1275651.509
208814.264

XL-Trailer

NAD83

Geologic Drill Drilling
Method Hollow-Stem Auger42.5

HSA 7 1/4" OD; 3 1/4" ID

Rope & Cathead
140 (lbs) / 30 (in) Drop

286.0

315.0 Drilling
Equipment
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Note:  See Figure A-1 for explanation of symbols.
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Project:
Project Location:
Project Number: 9851-006-00

Seattle, Washington
Figure A-5

Log of Boring GEI-4
Mental Health Building/Garage/Nursing Tower
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50/6"

18

12

Siltstone Gray siltstone (hard, wet) (bedrock)
8

9

Harder drilling at 37 feet
Perched groundwater encountered

Highly fractured

Very slow drilling at 41 feet

Note:  See Figure A-1 for explanation of symbols.
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Project:
Project Location:
Project Number: 9851-006-00

Seattle, Washington
Figure A-5

Log of Boring GEI-4 (continued)
Mental Health Building/Garage/Nursing Tower
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42

45

56

64

33

18

18

18
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18

AC

SM

SP-SM

ML/CL

2 1/2 inches asphalt concrete pavement
Light brown silty fine sand with occasional

gravel (very dense, moist) (glacially
consolidated soils)

Light brown fine sand with silt (dense to very
dense, moist)

Gray silt/clay (hard, moist)

Groundwater was not encountered

1

2

3

4

5

6

No base course

Oxidation staining

Rough drilling at 4 feet

%F=10

%F=5

Horizontal bedding

AL

9

9

34

Total
Depth (ft)9/25/2009 9/25/2009

Hammer
Data

System
Datum

Start End
Checked By
Logged By

DPCDrilled

Notes:

BPD

Surface Elevation (ft)
Vertical Datum

Driller

Groundwater
Depth to
Water (ft)Date Measured Elevation (ft)

Easting (X)
Northing (Y)

1275781.564
209279.189

XL-Trailer

NAD83

Geologic Drill Drilling
Method Hollow-Stem Auger29

HSA 7 1/4" OD; 3 1/4" ID

Rope & Cathead
140 (lbs) / 30 (in) Drop319.5 Drilling

Equipment

Note:  See Figure A-1 for explanation of symbols.
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Project:
Project Location:
Project Number: 9851-006-00

Seattle, Washington
Figure A-6

Log of Boring GEI-5
Mental Health Building/Garage/Nursing Tower
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50/1"

48

50

68

63

18

1

18

18

18

18

AC

SM

SP-SM

1 1/2 inches asphalt concrete pavement
Gray/brown silty fine to medium sand with

gravel (dense to very dense, moist) (glacially
consolidated soils)

Light brown fine sand with silt (very dense,
moist)

Groundwater was not encountered

1

2

3

4

5

6

1" gravel base course below asphalt concrete
pavement

Hard drilling 5 to 10 feet

Easy drilling at 10 feet

Interbedded silt layers

%F=96

Total
Depth (ft)

Hammer
Data

System
Datum

Start End
Checked By
Logged By

DPCDrilled

Notes:

BPD

Surface Elevation (ft)
Vertical Datum

Driller

Groundwater
Depth to
Water (ft)Date Measured Elevation (ft)

Easting (X)
Northing (Y)

1276033.255
209438.329

XL-Trailer

Geologic Drill Drilling
Method Hollow-Stem Auger259/25/2009

HSA 7 1/4" OD; 3 1/4" ID

Rope & Cathead
140 (lbs) / 30 (in) Drop

338.5
Drilling
Equipment

No groundwater was encountered

9/25/2009

NAD83

Note:  See Figure A-1 for explanation of symbols.
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Project:

Project Location:

Project Number: 9851-006-00

Seattle, Washington
Figure A-7

Log of Boring GEI-6
Mental Health Building/Garage/Nursing Tower
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50/6"

37

32

14

40

24

39

41

4

18

18

18

18

18

18

18

CC

SM

SP-SM

MH

SM

MH

SM

ML

2 inches recycled concrete surfacing
Gray/brown silty fine sand with gravel (medium

dense to very dense, moist) (fill)

Light brown fine sand with silt (dense, moist)
(glacially consolidated soils)

Gray/brown silt with sand (very stiff, moist to
wet)

Light brown fine sand with silt (dense, moist)

Gray/brown silt with sand (hard, moist)

Gray/brown silty fine sand (dense, moist)

Gray silt (hard, moist)

1

2

3

4

5

6

7

8

Rock in shoe

Oxidation staining

Total
Depth (ft)9/24/2009 9/24/2009

Hammer
Data

System
Datum

Start End
Checked By
Logged By

DPCDrilled

Notes:

BPD

Surface Elevation (ft)
Vertical Datum

Driller

Groundwater
Depth to
Water (ft)Date Measured Elevation (ft)

Easting (X)
Northing (Y)

1276203.888
209191.737

XL-Trailer

NAD83

Geologic Drill Drilling
Method Hollow-Stem Auger62

HSA 7 1/4" OD; 3 1/4" ID

Rope & Cathead
140 (lbs) / 30 (in) Drop349.0 Drilling

Equipment

Note:  See Figure A-1 for explanation of symbols.
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Project:
Project Location:
Project Number: 9851-006-00

Seattle, Washington
Figure A-8

Log of Boring GEI-7
Mental Health Building/Garage/Nursing Tower
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68

50/6"

50/6"

50/6"

50/6"

50/5.5"

50/0.5"

18

12

18

6

12

5.5

0

SM/ML

SM

Siltstone

Gray silty fine sand with gravel and gray silt with
sand (hard, moist)

Gray silty fine sand with occasional gravel (very
dense, moist)

Gray siltstone/claystone (hard, moist to wet)
(bedrock)

Practical refusal at 62'
Installed 2" PVC casing and backfilled with

50/50 bentonite/cement mixture for shear
wave velocity testing

Groundwater was not encountered

9

10

11

12

13

14

15

Till-like

15 minutes for 5 feet

Note:  See Figure A-1 for explanation of symbols.
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Project:
Project Location:
Project Number: 9851-006-00

Seattle, Washington
Figure A-8

Log of Boring GEI-7 (continued)
Mental Health Building/Garage/Nursing Tower
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5

11

6

4

4

6

29

50/6"

43

66

18

18

18

18

18

18

18

18

18

AC

SM

ML

SM

SM

ML

SM

3 inches asphalt concrete pavement
Gray/brown silty fine to medium sand with

occasional gravel (loose, moist to wet) (fill)

Gray/brown sandy silt with occasional gravel and
organic matter (stiff, moist to wet)

Gray and brown silty fine to medium sand with
gravel (very loose to loose, moist to wet)

Light brown silty fine to medium sand and
occasional gravel (medium dense to very
dense, moist) (glacially consolidated soils)

Grades to gray/brown silty fine to medium sand
with gravel

Gray and brown sandy silt (hard, moist to wet)

Light brown silty fine sand (very dense, wet)

1

2

3

4

5

6

7

8

9

10

Driller noted change in drilling at 17 feet
%F=30

Rods wet at 30 feet

11

Total
Depth (ft)9/25/2009 9/25/2009

Hammer
Data

System
Datum

Start End
Checked By
Logged By

DPCDrilled

Notes:

BPD

Surface Elevation (ft)
Vertical Datum

Driller

Groundwater
Depth to
Water (ft)Date Measured Elevation (ft)

9/25/2009

Easting (X)
Northing (Y)

1275917.858
208989.71

XL-Trailer

NAD83

Geologic Drill Drilling
Method Hollow-Stem Auger34

HSA 7 1/4" OD; 3 1/4" ID

Rope & Cathead
140 (lbs) / 30 (in) Drop

303.5

332.5 Drilling
Equipment

29

Note:  See Figure A-1 for explanation of symbols.
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Project:
Project Location:
Project Number: 9851-006-00

Seattle, Washington
Figure A-9

Log of Boring GEI-8
Mental Health Building/Garage/Nursing Tower
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33

21

22

29

24

42

50/5"

52

16

18

18

18

18

18

18

18

AC

GP-GM

SM

ML

SM

SM

SP-SM

ML

3 inches asphalt concrete pavement
Brown silty fine to medium sand with gravel and

occasional cobbles (medium dense, moist)
(fill)

Grayish brown silty fine to medium sand with
gravel and occasional cobbles (dense, moist)
(fill)

Grayish brown sandy silt with occasional gravel
(very stiff, moist) (glacially consolidated)

Brown gray silty fine to medium sand with
occasional gravel (medium dense, moist)

Grayish brown silty fine to medium sand with
interbedded silt seams (½ to 1-inch thick)
(medium dense, moist to wet)

Grayish brown fine to medium sand with silt
(dense, wet)

Gray silt (hard, moist)

1

2

3

4

5

6

7

8

%F=57

Hard drilling

%F=21

Rods wet

%F=8

Massive fabric

16

17

22

Total
Depth (ft)

Hammer
Data

System
Datum

Start End
Checked By
Logged By

DPCDrilled

Notes:

NCS

Surface Elevation (ft)
Vertical Datum

Driller

Groundwater
Depth to
Water (ft)Date Measured Elevation (ft)

Easting (X)
Northing (Y)

1275852.968
209471.565

XL-Trailer

Geologic Drill Drilling
Method Hollow-Stem Auger31.59/1/2010

Auger Data: 3¼ inches I.D; 8 inches O.D

Rope & Cathead
140 (lbs) / 30 (in) Drop

304.0

322.0 Drilling
Equipment

18.09/1/2010

9/1/2010

NAD83

Note:  See Figure A-1 for explanation of symbols.
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Project:
Project Location:
Project Number: 9851-006-00

Seattle, Washington
Figure A-10

Log of Boring GEI-9
Mental Health Building/Garage/Nursing Tower
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56

50/5"

36

18

17

18

AC

GP-GM

SM

SM

ML

2½ inches asphalt concrete pavement
Brown fine gravel base course with silt and sand

(medium dense, moist)
Brown silty fine to medium sand with gravel

(medium dense, moist) (fill)
Gray brown silty fine to medium sand with gravel

and occasional cobbles (very dense, moist)
(glacially consolidated soils)

Gray brown interbedded silty fine to medium
sand with occasional gravel (dense to very
stiff, moist)

1

2

3

Hard drilling

%F=6719

Total
Depth (ft)

Hammer
Data

System
Datum

Start End
Checked By
Logged By

DPCDrilled

Notes:

NCS

Surface Elevation (ft)
Vertical Datum

Driller

Groundwater
Depth to
Water (ft)Date Measured Elevation (ft)

Easting (X)
Northing (Y)

1275939.229
209395.807

XL-Trailer

Geologic Drill Drilling
Method Hollow-Stem Auger11.59/1/2010

Auger Data: 3¼ inches I.D; 8 inches O.D

Rope & Cathead
140 (lbs) / 30 (in) Drop327.0 Drilling

Equipment

9/1/2010

NAD83

Note:  See Figure A-1 for explanation of symbols.
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Project:
Project Location:
Project Number: 9851-006-00

Seattle, Washington
Figure A-11

Log of Boring GEI-10
Mental Health Building/Garage/Nursing Tower
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36

19

51

50/5"

50/3"

47

32

58

16

18

18

18

18

18

18

18

AC

GP-GM

SM

SM

SM

SP-SM

ML

SP

ML

2 inches asphalt concrete pavement
Brown fine to coarse gravel base course with silt

and sand (medium dense, moist)
Brown and gray silty fine to coarse sand with

gravel and occasional cobbles (dense, moist)
(fill)

Brown silty fine to medium sand with gravel and
occasional cobbles (medium dense, moist)
(weathered glacially consolidated deposit)

Brown silty fine to medium sand with gravel and
occasional cobbles (very dense, moist)
(glacially consolidated soils)

Brown fine to medium sand with silt (very dense,
moist)

Brown silt with occasional sand (hard, moist to
wet)

Gray fine to medium sand with trace silt (dense,
wet)

Gray silt (hard, moist)

1

2

3

4

5

6a

6b

7

8

Harder drilling

%F=4

Massive fabric

22

Total
Depth (ft)

Hammer
Data

System
Datum

Start End
Checked By
Logged By

DPCDrilled

Notes:

NCS

Surface Elevation (ft)
Vertical Datum

Driller

Groundwater
Depth to
Water (ft)Date Measured Elevation (ft)

Easting (X)
Northing (Y)

1275965.244
209292.829

XL-Trailer

Geologic Drill Drilling
Method Hollow-Stem Auger31.59/1/2010

Auger Data: 3¼ inches I.D; 8 inches O.D

Rope & Cathead
140 (lbs) / 30 (in) Drop

306.0

331.0 Drilling
Equipment

25.09/1/2010

9/1/2010

NAD83

Note:  See Figure A-1 for explanation of symbols.
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Project:
Project Location:
Project Number: 9851-006-00

Seattle, Washington
Figure A-12

Log of Boring GEI-11
Mental Health Building/Garage/Nursing Tower
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50/6"

50/6"

50/3"

50/5"

58

48

48

18

12

9

5

12

18

18

AC

SM

SM

SP-SM

2½ inches asphalt concrete pavement
Brown silty fine to medium sand with gravel

(medium dense, moist) (fill)
Gray brown silty fine to medium sand with gravel

and occasional cobbles (very dense, moist)
(glacially consolidated soils)

Brown fine to medium sand with silt (dense,
moist)

Moisture in sample increases

1

2

3

4

5

6

7

Rough drilling

Gravel in sampler

%F=17

Easier drilling

%F=10
Oxidation staining

10

22

Total
Depth (ft)

Hammer
Data

System
Datum

Start End
Checked By
Logged By

DPCDrilled

Notes:

NCS

Surface Elevation (ft)
Vertical Datum

Driller

Groundwater
Depth to
Water (ft)Date Measured Elevation (ft)

Easting (X)
Northing (Y)

1275854.038
209177.551

XL-Trailer

Geologic Drill Drilling
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Note:  See Figure A-1 for explanation of symbols.

FIELD DATA
B

lo
w

s/
fo

ot

D
ep

th
 (f

ee
t)

0

5

10

15

20

25

30

35

R
ec

ov
er

ed
 (i

n)

In
te

rv
al

C
ol

le
ct

ed
 S

am
pl

e

E
le

va
tio

n 
(fe

et
)

33
5

33
0

32
5

32
0

31
5

31
0

30
5

G
ra

ph
ic

 L
og

G
ro

up
C

la
ss

ifi
ca

tio
n MATERIAL

DESCRIPTION
S

am
pl

e 
N

am
e

Te
st

in
g

W
at

er
 L

ev
el

Sheet 1 of 2

Project:
Project Location:
Project Number: 9851-006-00

Seattle, Washington
Figure A-14

Log of Boring GEI-13
Mental Health Building/Garage/Nursing Tower

R
ed

m
on

d:
  D

at
e:

9/
23

/1
0 

P
at

h:
W

:\R
E

D
M

O
N

D
\P

R
O

JE
C

TS
\9

\9
85

10
06

\G
IN

T\
98

51
00

60
0_

09
01

10
.G

P
J 

 D
B

Te
m

pl
at

e/
Li

bT
em

pl
at

e:
G

E
O

E
N

G
IN

E
E

R
S

8.
G

D
T/

G
E

I8
_G

E
O

TE
C

H
_S

TA
N

D
A

R
D

REMARKS

M
oi

st
ur

e
C

on
te

nt
, %

D
ry

 D
en

si
ty

,
(p

cf
)



54

38

18

18

9

10

Massive fabric

Note:  See Figure A-1 for explanation of symbols.

FIELD DATA

B
lo

w
s/

fo
ot

D
ep

th
 (f

ee
t)

35

40

R
ec

ov
er

ed
 (i

n)

In
te

rv
al

C
ol

le
ct

ed
 S

am
pl

e

E
le

va
tio

n 
(fe

et
)

30
0

29
5

G
ra

ph
ic

 L
og

G
ro

up
C

la
ss

ifi
ca

tio
n MATERIAL

DESCRIPTION

S
am

pl
e 

N
am

e
Te

st
in

g

W
at

er
 L

ev
el

Sheet 2 of 2

Project:
Project Location:
Project Number: 9851-006-00

Seattle, Washington
Figure A-14

Log of Boring GEI-13 (continued)
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moist) (glacially consolidated soils)
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Note:  See Figure A-1 for explanation of symbols.

FIELD DATA
B

lo
w

s/
fo

ot

D
ep

th
 (f

ee
t)

0

5

10

15

20

25

R
ec

ov
er

ed
 (i

n)

In
te

rv
al

C
ol

le
ct

ed
 S

am
pl

e

E
le

va
tio

n 
(fe

et
)

31
5

31
0

30
5

30
0

29
5

G
ra

ph
ic

 L
og

G
ro

up
C

la
ss

ifi
ca

tio
n MATERIAL

DESCRIPTION
S

am
pl

e 
N

am
e

Te
st

in
g

W
at

er
 L

ev
el

Sheet 1 of 1

Project:
Project Location:
Project Number: 9851-006-00

Seattle, Washington
Figure A-15
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2 inches asphalt concrete pavement
Brown silty fine to medium sand with gravel and

occasional cobbles (medium dense, moist)
(fill)

Light brown fine to medium sand with gravel
(medium dense to dense, moist to wet)
(glacially consolidated soils)

Light brown silty fine sand with gravel (dense,
moist to wet)

Grades to gray
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No base course observed

SA; %F=36

SPT sampler on gravel; Blowcount
may not be representative
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Northing (Y)
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XL-Trailer

Geologic Drill Drilling
Method Hollow-Stem Auger16.59/1/2010

Auger Data: 3¼ inches I.D; 8 inches O.D

Rope & Cathead
140 (lbs) / 30 (in) Drop
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321.5 Drilling
Equipment
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NAD83

Note:  See Figure A-1 for explanation of symbols.
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Log of Boring GEI-15
Mental Health Building/Garage/Nursing Tower
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1½ inches asphalt concrete pavement
Dark brown and bluish gray silt with sand and

occasional gravel (medium stiff, moist) (fill)
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Brown silty fine to medium sand with gravel and
occasional cobbles (dense, moist to wet)
(glacially consolidated soils)

Gray fine to medium sand with silt (very dense,
moist to wet)
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Organic matter

Harder drilling
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Note:  See Figure A-1 for explanation of symbols.
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Log of Boring GEI-16
Mental Health Building/Garage/Nursing Tower
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APPENDIX B 

LABORATORY TESTING 

General 

Soil samples obtained from the explorations were transported to GeoEngineers’ laboratory and 

examined to confirm or modify field classifications, as well as to evaluate index properties of the 

soil samples.  Representative samples were selected for laboratory testing consisting of the 

determination of the moisture content, percent fines, sieve analyses and Atterberg limits (plasticity 

characteristics).  The tests were performed in general accordance with test methods of the 

American Society for Testing and Materials (ASTM) or other applicable procedures.   

The Atterberg limits test results are presented in Figure B-1.  The sieve analyses test results are 

presented in Figure B-2.  The results of the moisture content and percent passing the U.S. No. 200 

sieve determinations are presented at the respective sample depths on the exploration logs in 

Appendix A. 

Moisture Content Testing 

Moisture content tests were completed in general accordance with ASTM D 2216 for 

representative samples obtained from the explorations.  The results of these tests are presented 

on the exploration logs in Appendix A at the depths at which the samples were obtained. 

Percent Passing U.S. No. 200 Sieve 

Selected samples were "washed" through the U.S. No. 200 mesh sieve to determine the relative 

percentages of coarse- and fine-grained particles in the soil.  The percent passing value represents 

the percentage by weight of the sample finer than the U.S. No. 200 sieve.  These tests were 

conducted to verify field descriptions and to determine the fines content for analysis purposes.  

The tests were conducted in general accordance with ASTM D 1140, and the results are shown on 

the exploration logs in Appendix A at the respective sample depths. 

Atterberg Limits Testing 

Atterberg limits testing was performed on selected fine-grained soil samples.  The tests were used 

to classify the soil as well as to evaluate index properties.  The liquid limit and the plastic limit were 

estimated through a procedure performed in general accordance with ASTM D 4318.  The results 

of the Atterberg limits testing are summarized in Figure B-1. 

Sieve Analyses 

Sieve analyses were performed on selected samples in general accordance with ASTM D 422 to 

determine the sample grain size distribution.  The wet sieve analysis method was used to 

determine the percentage of soil greater than the U.S. No. 200 mesh sieve.  The results of the 

sieve analyses were plotted and classified in general accordance with the Unified Soil Classification 

System (USCS) and are presented in Figure B-2. 
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APPENDIX D 

PREVIOUS EXPLORATIONS 

The reviewed geotechnical information includes: 

■ The logs of 29 borings completed on the VA campus by Shannon and Wilson, Inc. in 1979, and 

■ The logs of two borings completed in 2008 by Otto Rosenau & Associates. 
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APPENDIX E 

SITE SPECIFIC SEISMIC HAZARD ANALYSIS 

Development of the Site-Specific Response Spectra  

General 

A site specific seismic hazard analysis per ASCE 41-06 Section 1.6.2 was completed to develop the 

site-specific BSE-1 and BSE-2 response spectra for use in the retrofit design of the Nursing Tower 

and CLC Building.  For this project, fully probabilistic response spectra were developed using the 

published ground motion prediction equations (GMPEs) and by completing probabilistic 

1-dimensional site specific response analysis.  The seismic hazard calculation and site specific 

response analysis were completed by Dr. Walter Silva of Pacific Engineering and Analysis (PE&A) as 

a subconsultant to GeoEngineers.       

Development of fully probabilistic site-specific response spectra typically involves a two-step 

process.  In the first phase or step, the PSHA is conducted for a generic (or reference) site 

condition that represents the project site defined by the GMPEs used to quantify the ground 

motions (5 percent damped acceleration response spectra) for a given earthquake magnitude, 

rupture mechanism and distance to the site.  The generic (or reference) site condition may be 

selected as either rock or soil or defined by the site Vs30 value, with the resulting PSHA producing 

hazard curves (one for each structural frequency) that quantify the mean annual exceedance 

frequency (AEF) for a range in spectral accelerations.  The hazard curves, as a result of the 

analysis, properly accommodate the uncertainty and randomness associated with the earthquake 

sources (for example, magnitude, recurrence, mechanism and depth) and the propagation path 

from the source to the site, as well as the generic (or reference) site conditions. 

For application to the VA Seattle site, the source characterization developed by the USGS (2008 

USGS Seismic Hazard Model) was implemented because it reflects a general consensus of 

recognized experts in the local and regional earthquake source processes.  The source 

characterization accommodated potential contributions from the recognized local and regional 

earthquakes, including local crustal sources as well as both interplate and intraplate CSZ sources.  

The generic site condition selected was rock or Vs30 of 600m/sec, consistent with the general 

classification of the VA Seattle site.   

However, the actual site, although considered rock, will differ from the generic rock site conditions 

represented by the strong motion databases used in developing empirical GMPEs because the 

project site subsurface soils and rock units may have nonlinear dynamic material properties that 

differ from the more typical soils and rock conditions in the database.  In addition, there is a largely 

unknown depth to the basement rock material (Vs ~ 2.5 km/s) ranging from about 2,000 feet to 

about 23,000 feet. 

As a result of the differences between the generic rock accommodated in the empirical GMPEs and 

the VA Seattle site, the generic site PSHA was adjusted for site-specific properties using a fully 

probabilistic approach.  This approach preserves the desired hazard level (AEF) of the generic site 

PSHA while incorporating both epistemic (uncertainty) and aleatory (randomness) variabilities in 
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site-specific dynamic material properties, as described in Attachment A.  The approach makes use 

of suites of amplification factors (5 percent damped spectral acceleration [Sa]) computed for the 

specific site, relative to the generic site, for a range in generic site spectral amplitudes 

(see Attachment A).  Separate suites of amplification factors were computed for different sets 

of nonlinear dynamic material properties to accommodate uncertainty (epistemic variability) in 

base-case properties or models, as described in Attachment B.  Randomness about each 

base-case model to accommodate random variability, both vertically and across the site, is treated 

with multiple realizations (typically 30) about each base-case model (for example, shear-wave 

velocity profile or set of modulus reduction and hysteretic damping curves).  

Seismic Hazard Analysis Methodology 

For this project, the PSHA was conducted for a generic site of soft rock with an estimated Vs30 of 

600m/sec followed by a fully probabilistic adjustment for site-specific conditions and their 

associated uncertainties.  The site specific horizontal and vertical response spectra were then 

developed using the following procedure: 

1. Develop site-specific horizontal response spectra at two foundation levels, one at the ground 

surface and the other at 15 feet below the ground surface.  This was completed by first 

performing a PSHA using generic rock conditions defined by the published GMPEs.  

The resulting hazard curves were then adjusted for site-specific subsurface conditions using 

the results of fully probabilistic site specific response analysis, which preserves the desired 

exceedance frequencies of the PSHA.  To accommodate the large uncertainty in the deeper 

portion of the local rock, below depths of the site investigations, a 50 percent weight was 

applied to the generic soil PSHA with 50 percent weight to the site-specific hazard.  

The calculation was completed for the period range defined by the selected attenuation 

relations, 0 to 3 seconds.   

2. Develop ratios of vertical to horizontal response spectra using the GMPE by 

Abrahamson & Silva (1997) and Campbell & Bozorgnia (2003) for period range of 0 to 

3 seconds.  The vertical response spectra were computed by integrating the V/H ratios with the 

horizontal response spectra.   

The following sections present a summary of each of the procedures outlined above.     

Development of Site Specific Horizontal Response Spectra  

GMPE APPROACH 

Using the 2008 USGS Seismic Hazard Source Model, the earthquake hazard at the project site was 

calculated using a suite of selected GMPEs.  The earthquake hazard calculation was completed by 

Walt Silva of PE&A using the computer program HAZ-38.  This computer program has been 

validated in the Pacific Earthquake Engineering Research (PEER)-sponsored “Validation of 

PSHA Computer Programs” Project (Wong et al., 2004) and qualified for use by the 

U.S. Department of Energy. 

The 2008 USGS Seismic Hazard Model contains seismic source geometries and recurrence models 

developed by USGS in the 2008 Update of the United States National Seismic Hazard Maps.  

For details on the 2008 USGS Seismic Hazard Model, please refer to USGS Open-File Report 

2008-1128 (Petersen et al., 2008).   
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The GMPEs used in the seismic hazard calculation were selected based on the project site 

conditions and the tectonic environment for which the equations were developed.  The following 

table summarizes the GMPEs selected for use in the hazard calculation for this project and the 

weighting assigned to each equation.  

Earthquake Sources Ground Motion Prediction Equations Site Conditions Weight 

Crustal 

Abrahamson & Silva NGA (2008) Vs30 = 600 m/sec 0.25 

Boore & Atkinson NGA (2008) Vs30 = 600 m/sec 0.25 

Campbell & Bozorgnia NGA (2008) Vs30 = 600 m/sec 0.25 

Chiou & Youngs NGA (2008) Vs30 = 600 m/sec 0.25 

Benioff / Intraplate 

Atkinson & Boore (2003) Rock 0.34 

Youngs et al. (1997) Rock 0.33 

Zhao et al. (2006) Rock 0.33 

CSZ 

Atkinson & Boore (2003) Rock 0.30 

Youngs et al. (1997) Rock 0.30 

Zhao et al. (2006) Rock 0.30 

Gregor et al. (2002) Rock 0.10 

 

Calculation of the earthquake hazard was completed for a generic rock site using the selected 

GMPEs.  Unlike the GMPEs developed for the Benioff and CSZ earthquakes where generally two 

site conditions (soil or rock) are considered, the site conditions considered in the NGA relationships 

are classified using Vs30.  Based on the shear wave velocity measurement at the site, a Vs30 of 

about 600m/sec was selected for the NGA GMPEs.  The mean hazard curve for the 475-year 

(BSE-1) and 2,475-year (BSE-2) return period are constructed and presented in Figure E-1 for the 

generic site. 

SITE RESPONSE ANALYSIS APPROACH 

To accommodate the effects of site-specific dynamic material properties on the generic site hazard, 

a series of site response analyses were performed.  The site response analyses produce suites of 

amplification factors (5 percent damped response spectra) for the VA Seattle site relative to the 

generic site.  To develop the amplification factors, the conventional equivalent-linear approximation 

to nonlinear soil response was used along with vertically propagating shear-waves.  In the site 

response approach implemented here, time histories were not used.  Instead, a frequency domain 

random vibration theory (RVT) approach was implemented that requires only the control motion 

power spectrum.  The methodology is discussed in Appendix B.  Control motions used to drive 

the soil columns were generated with the point-source model (EPRI, 1993; Silva et al., 1997, 

Walling et al., 2008).  The site-specific UHS was developed from the generic site hazard using an 

approach that correctly preserves the probability or hazard level of the reference site PSHA 

(Bazzurro and Cornell, 2004; Approach 3, Attachment A).  This approach produces an accurate 

site-specific mean hazard that accommodates both aleatory (randomness) as well as epistemic 

(uncertainty) variabilities in dynamic material properties across the site. 
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Aleatory variability (randomness in dynamic material properties such modulus reduction and 

hysteretic damping curves as well as shear-wave velocity profile) resulting from both lateral and 

vertical random variations about base-case values is accommodated by randomly varying 

properties to generate distributions for the amplification factors.  The distributions of the 

amplification factors are then integrated with the generic site hazard curves to produce the 

site-specific hazard curves (Attachment A).  The profile randomization scheme uses a model based 

on an analysis of variance of about 500 measured shear-wave velocity profiles (EPRI, 1993, 

Attachment B).  As with the shear-wave velocity profiles, the G/Gmax and hysteretic damping 

curves are randomized about base-case values to accommodate aleatory variability vertically as 

well as across the site (Attachment B). 

Epistemic variability (uncertainty in mean or base-case models) in dynamic material properties as 

well as potential basin effects are accommodated by developing separate suites of amplification 

factors for each model along with their corresponding randomness (aleatory variability) about each 

base-case model.   

Finally, the site-specific hazard is computed by integrating the distributions (median and sigma 

estimates) of the amplification factors with the generic soil site hazard curves.  This process 

correctly accommodates the site-specific randomness (aleatory variability) of dynamic material 

properties across the site in the development of site-specific (soil) hazard curves.  For each suite of 

base-case properties (epistemic variability), site-specific mean hazard curves were developed that 

properly include randomness (aleatory variability) about the base-case properties resulting from 

the 30 realizations of random dynamic material properties.  The resultant hazard curves, one for 

each base-case, are then averaged over exceedance frequency, resulting in a single site-specific 

hazard curve at each structural frequency.  In the averaging process, weights are employed 

reflecting the likelihood of in-situ conditions for modulus reduction and hysteretic damping curves 

as well as potential basin effects. 

BASE-CASE VS PROFILES AND DYNAMIC SOIL CURVES 

In order to compute the amplification factors, base-case profiles and dynamic soil curves 

(G/Gmax and hysteretic damping) were developed for both the generic site conditions and project 

site condition.  For the generic site condition, the Vs30 of 600m/sec shear-wave velocity profile 

incorporated in developing the analytical NGA amplification factors (Walling et al., 2008) was used 

in computing the generic site amplification factors.   

To develop site-specific shear-wave velocity profiles, the measured shear-wave velocity profile 

at the project site and from the Seward Park site located near the project site were used.  

The shear-wave velocity data for the project site was obtained to depth of about 60 feet where 

practical refusal was encountered during drilling.  The shear wave velocity data for the Seward park 

site was obtained to depth of about 100 feet.  The shear wave velocity data obtained at the project 

site and the Seward Park site were incorporated into the development of the site-specific shear-

wave velocity for the near surface soil for the VA Hospital site. 

The local and regional profiles were used to develop a range in possible shear-wave velocities at 

the site at depth greater than 100 feet.  The range in velocities is represented by three profiles 

reflecting a best estimate as well as upper- and lower-range profiles as shown in Figures E-2 and 

E-3.  These three profiles were developed by reviewing the sonic velocities measured in the oil test 
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well logs completed in the Puget Sound and by reviewing the Seattle basin model developed by 

Frankel et al. (2007) and Pratt et al. (2003).  The three profiles presented in Figures E-2 and E-3 

were developed to accommodate the uncertainties related to the 1-D amplification corresponding 

to Seattle basin.   

For the nonlinear dynamic material properties, generic soil G/Gmax and hysteretic damping curves 

were used (EPRI, 1993).  Based on the Abrahamson and Silva (2008) regression analyses on 

recorded motions, the more linear Peninsular Range curves (Silva et al., 1997) performed slightly 

better than the more nonlinear EPRI (1993) set of curves and were used to develop the 

amplification factors.  The Peninsular Range curves use the EPRI (1993) 51- to 120-foot curves for 

depths of 0 to 50 feet and the 501- to 1,000-foot curves for deeper materials.  Both the 

shear-wave velocity profile and the soil modulus reduction and hysteretic damping curves were 

randomized (Attachment B) to account for the aleatory variability over the site area.      

AMPLIFICATION FACTORS 

The site-specific amplification, relative to the generic site, was characterized by a suite of 

frequency-dependent amplification factors that account for nonlinearity in soil response.  

Amplification factors were computed by propagating magnitude (M) 5.0, 6.0 and 7.0 control motion 

power spectra using the single-corner point-source model through each combination of the 

randomized shear-wave velocity profiles and material curves.  To adequately cover the ground 

motion ranges in the generic soil site hazard curves, amplification factors were computed for a 

suite of 11 expected generic site peak acceleration values (0.01g, 0.05g, 0.10g, 0.20g, 0.30g, 

0.40g, 0.50g, 0.75g, 1.00g, 1.25g, 1.50g).  These amplification factors were computed at the 

same periods as the generic site spectral acceleration (3.0 sec, 2.0 sec, 1.5 sec, 1.0 sec, 0.75 sec, 

0.50 sec, 0.30 sec, 0.20 sec, 0.10 sec, 0.075 sec, 0.01 sec (PGA)).  For each suite of base-case 

properties (epistemic variability) (for example, profile (6), curves (2) and magnitude (3)), 

site-specific mean hazard curves were developed that properly include randomness (aleatory 

variability) about the base-case properties.  The resultant hazard curves, one for each base-case, 

were then averaged over exceedance frequency, resulting in a single site-specific mean hazard 

curve at each structural frequency.  In the averaging process, weights were employed reflecting the 

likelihood of in-situ conditions for each profile as well as set of modulus reduction and hysteretic 

damping curves.  Site-specific hazard curves developed from amplification factors computed for 

each magnitude (M 5, 6, 7) were weighted by the model deaggregations for each structural 

frequency at AEF 2 x 10-3 (475-year return period) and 4 x 10-4 (2,475-year return period).  

In accommodating all the base-case models, multiple magnitudes, 11 ground motion levels, and 

randomness through multiple realizations required over 10,000 site response analyses. 

SITE SOIL RESPONSE SPECTRA 

Site-specific mean UHS (5 percent damped) at AEF 2 x 10-3 (475-year return period) and 4 x 10-4 

(2,475-year return period) were developed by integrating the suites of amplification factors with the 

generic site hazard curves and are shown in Figure E-4.  

Site-Specific Horizontal Response Spectra   

As shown in Figures E-1 and E-4, the site-specific UHS reflects the generally stiff project site 

condition relative to the generic site profile, showing increased short period (T ≤ 0.3 seconds) and 

decreased long period motions relative to the generic site UHS.  Given the degree of uncertainty 
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regarding the soil profiles at the site and within the vicinity, equal weight was given to the site-

specific and generic soil hazard in developing the VA Seattle site-specific UHS.  The site-specific 

horizontal response spectra based on this approach is presented in Figure E-5 at the ground 

surface and at depth of 15 feet.   

Development of Site Specific Vertical Response Spectra  

■ The most commonly used approach in developing the vertical response spectra is to apply a 

constant ratio of vertical to horizontal (V/H) response spectra of 0.65.  Based on the studies 

completed by Campbell & Bozorgnia (2003) and others, this factor is found to be not 

conservative for site located near the causative fault, such as the VA Hospital site.  For this 

project, site specific V/H ratios were computed and incorporated in developing the site specific 

vertical response spectra. 

■ The V/H ratio varies as a function of structural period, distance to the fault, earthquake 

magnitude and site conditions.  Based on the results of the seismic hazard deaggregation of 

the site, the seismic hazard for the period range of 0 to 3 seconds is strongly influenced by 

Magnitude 7 earthquakes with distance to the fault of 1 km and 50 km.  Two GMPEs, one by 

Abrahamson & Silva (1997) and the other by Campbell & Bozornia (2003), were used to 

calculate the V/H ratio for period range of 0 to 3 seconds.  A generic rock site condition was 

assumed in the calculation.  The results of V/H ratio calculated using the two GMPEs are 

presented in Figure E-6. 

■ Site specific V/H ratios were developed by integrating the results shown in Figure E-6 

probabilistically.  The results calculated by the two GMPEs were weighted equally.  The relative 

weights for each of the scenario considered were determined with the results of the seismic 

hazard deaggregation.    The relative weights for the 1 km and 50 km distance is 0.55 and 

0.45, respectively for the BSE-1 (475-year return period) event.  For the BSE-2 (2,475-year 

return period) event, the relative weights for the 1 km and 50 km distance is 0.80 and 

0.20, respectively.    

■ The site-specific vertical response spectra were then computed by applying the site specific 

V/H ratios to the site specific horizontal response spectra as presented in Figure E-5.  The site 

specific vertical response spectra at the ground surface and at depth of 15 feet are presented 

in Figure E-7.   
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APPENDIX E-A 

APPROACHES TO DEVELOP SITE-SPECIFIC HAZARD 

In developing site-specific UHRSs or hazard there are two goals that must be met to achieve 

desired risk levels: 

1. Preserve the hazard level (AEF) of the reference site PSHA across structural frequency (hazard 

consistent). 

2. Incorporate site-specific aleatory (randomness) and epistemic (uncertainty) variabilities of 

dynamic material properties in the hazard. 

Description of Approaches  

In general, there are four fairly distinct approaches intended to accomplish the stated goals.  

The approaches range from the simplest and least accurate, which scales the reference site UHRS 

on the basis of a site-response analysis using a broad-band control motion (Approach 1), to the 

most complex and most accurate, a PSHA computed using attenuation relations, median estimates 

and standard deviations, developed for the specific site (Approach 4). 

Approach 1 

This approach is fundamentally deterministic and involves, for a rock references site, use of the 

outcrop UHS to drive the site-specific column(s).  It assumes that a rock outcrop hazard (UHS) has 

similar characteristics as rock beneath soil, which is not generally a valid assumption for soft rock 

(NUREG/CR-6728), and has no mechanism to conserve the outcrop AEF.  For cases where the 

hazard is dominated by earthquakes with significantly different magnitude (M) at low (for example, 

≤ 1 Hz to 2.5 Hz) and high (e.g. ≥ 5 Hz to 10 Hz ) structural frequencies, the outcrop UHS may be 

quite broad, unlike any single earthquake, resulting in unconservative high-frequency motions 

(too nonlinear in site response).  Even if only a single earthquake is the major contributor at all 

structural frequencies, variabilities incorporated in the hazard analysis may result in a broad 

spectrum, again unlike any single earthquake.  For these reasons, this approach is discouraged, 

and an alternative semi-deterministic method (such as Approach 2) may be used. 

Approach 2 

This approach is also fundamentally deterministic and is intended to avoid the broad-band control 

motion of Approach 1.  For a rock reference site, Approach 2 uses low- and high-frequency 

(and intermediate if necessary) deterministic spectra computed from the attenuation relations 

used in the PSHA, or suitable spectral shapes (NUREG/CR-6728), reflecting expected rock 

conditions beneath the local soils, scaled to the UHRS at the appropriate frequencies (for example, 

RG 1.165).  These scaled motions, computed for the modal deaggregation M and D are then used 

as control motions to develop multiple (typically 2 to 3) mean transfer functions based on 

randomized soil columns.  If the control motions are developed from the attenuation relations used 

in the reference PSHA, the generic site condition they reflect must be appropriate for the rock 

beneath the local soils.  Additionally, separate control motions should be developed for each 

attenuation relation to include the effects of spectral shape uncertainty (epistemic) on soil 

response.  The resulting mean transfer functions would then be combined using the same relative 
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weights as in the reference PSHA.  The mean transfer functions are then enveloped with the 

resulting transfer function applied to the outcrop (rock or soil) UHS.   

This method was termed Approach 2A in NUREG/CR-6728.  The use of mean (rather than median) 

transfer functions followed by enveloping is an empirical procedure to conservatively maintain the 

outcrop exceedance probability (NUREG/CR-6728 and –6769), because this fundamentally 

deterministic approach does not include the contributions to soil spectra from the entire range in 

rock or reference site hazard (Bazzurro and Cornell, 2004).  The motivation for this “empirical” 

procedure is discussed in Approach 3 – Approximate Method. 

For cases where there may be a wide magnitude range contributing to the hazard at low- or high-

frequency and/or the site has highly nonlinear dynamic material properties, low, medium, and high 

M control motion spectra may be developed at each frequency of interest.  A weighted mean 

transfer function (for example, with weight of 0.2, 0.6, 0.2 reflecting 5 percent, mean, 95 percent 

M contributions) is then developed at each structural frequency of interest.  Following Approach 2A, 

the weighted mean transfer functions for each frequency of interest are then enveloped with the 

resultant value applied to the outcrop UHS.  This more detailed analysis procedure was termed 

Approach 2B. 

Approach 3  

This approach is a fully probabilistic analysis procedure which moves the site response, in an 

approximate way, into the hazard integral.  The approach is described by Bazzurro and Cornell 

(2004) and NUREG/CR-6769.  In this approach, the hazard at the soil surface is computed by 

integrating the site-specific hazard curve at the bedrock level with the probability distribution of the 

amplification factors (Lee et al., 1998; 1999).  The site-specific amplification, relative to CENA rock 

is characterized by a suite of frequency-dependent amplification factors that can account for 

nonlinearity in soil response.  Approach 3 involves approximations to the hazard integration using 

suites of transfer functions, which result in complete hazard curves at the ground surface, or any 

other location, for specific ground motion parameters (for example, spectral accelerations) and a 

range of frequencies. 

The basis for Approach 3 is a modification of the standard PSHA integration: 

 P[AS>z] = ARMfarm
a

z
AFP |,,,  (m,r;a)fA(a)dmdrda (1) 

where AS is the random ground motion amplitude on soil at a certain natural frequency, z is a 

specific level of AS, m is earthquake magnitude, r is distance, a is an amplitude level of the random 

reference site (for example, hard rock) ground motion, A, at the same frequency as AS, fA(a) is 

derived from the rock hazard curve for this frequency (namely, it is the absolute value of its 

derivative), and fM,R|A is the deaggregated hazard (that is, the joint distribution of M and R, given 

that the rock amplitude is level a).  AF is an amplification factor defined as: 

AF = AS/a       (2) 
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where AF is a random variable with a distribution that can be a function of m, r and a.  

To accommodate epistemic uncertainties in site dynamic material properties, multiple suites of AF 

may be used and the resulting hazard curves combined with weights to properly reflect mean 

hazard and fractiles. 

Soil response, in terms of site amplification (Sa (site)/Sa (reference)), is controlled primarily by the 

level of rock motion and m, so Equation 1 can be approximated by: 

 P[AS>z] = 
a

z
AF[P (m,a)fM|A (m;a)fA(a)dmda           (3) 

where r is dropped because it has an insignificant effect in most applications.  To implement 

Equation 3, only the conditional magnitude distribution for relevant amplitudes of a is needed.  

fM|A(m;a) can be represented (with successively less accuracy) by a continuous function, with 

three discrete values or with a single point (for example, m1(a), the model magnitude given a).  

With the latter, Equation 3 can be simplified to:  

 P[A>z] = 
a

z
AF[P |a,m1(a)]fA(a)da   (4) 

where, fM|A(m;a) has been replaced with m1 derived from deaggregation.  With this equation, one 

can integrate over the rock acceleration, a, to calculate P[AS>z] for a range of soil amplitudes, z. 

It is important to note there are two ways to implement Approach 3.  The full integration method 

described below or simply modifying the attenuation relation ground motion value during the 

hazard analysis with a suite of transfer functions (Cramer, 2003).  Both implementations result in 

very similar site-specific hazard (Cramer, 2003), and both will tend to double-count site aleatory 

variability, once in the suite of transfer function realizations and again in the aleatory variability 

about each median attenuation relation.  The full integration method tends to lessen any potential 

impacts of the large total site aleatory variability (Bazzuro and Cornell, 2004).  Approximate 

corrections, for the site component of aleatory variability, may be made by implementing the 

approximate technique (Equation 7) with C = 0, AF =1, and a negative exponential, where arp = the 

soil amplitude and σ the component of variability that is removed.  For the typical aleatory 

variability of the amplification factors (σln ≈ 0.1-0.3) and typical hazard curve slopes in the CENA 

(κ ≈ 2-3), the reduction in motion is about 5 percent to 10 percent.   

Approach 4 

Approach 4 entails the development and use of site-specific attenuation relationships, median 

estimates and aleatory variabilities, developed specifically for the site of interest, which incorporate 

the site response characteristics of the site.  The PSHA is performed using these site-specific 

relationships for the specified AEF.  This approach is considered the most accurate because it is 

intended to accommodate the appropriate amounts of aleatory variability into site- and region-

specific attenuation relations.  Epistemic variability is appropriately captured through the use of 

multiple attenuation relations.  Approach 3 is considered as a fully probabilistic approximation to 

Approach 4. 
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Approach 3  Full Integration Method 

The site-specific hazard curve can be calculated using the discretized form of Equation 3 from 

Bazzurro and Cornell (2004). 

 
).(x px

x

z
G)px(xx

x

z
YP)(G jXjX|Yjj

jj xallxall

Z z
  (5) 

where )(G zZ  is the sought hazard curve for Ssa(f), that is, the annual probability of exceeding 

level z. 
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where X|YG
 is the complementary cumulative distribution function of (CCDF) Y = AF(f), conditional 

on a rock amplitude x.  This is simply the CCDF of the site amplification factors as a function of 

control motion (for example, rock or reference site) loading level. 
^

Φ  = 1 - Φ  - the widely tabulated complementary standard Gaussian cumulative distribution 

function. 

X|Y

^

m - the conditional median of Y (the amplification factor). 

XY |ln - the conditional standard deviation of the natural logarithm of Y (aleatory variability of 

the amplification factor). 

)(pX jx  - the probability that the rock or reference site control motion level is equal to (or 

better, in the neighborhood of) xj.   

Equation 5 is the essence of Approach 3 and simply states that the soil hazard curve is computed 

as the product of the soil amplification (specifically, its CCDF), conditional on a reference 

(rock) amplitude x, times the probability of obtaining that reference amplitude, summed over all 

reference amplitudes. 

The soil amplifications, median and σln estimates are all that is required and are generated by 

driving the soil column at a suite of reference site motions.  At each reference motion, multiple 

realizations of randomized dynamic material properties are developed followed by site response 

analyses to generate a suite, typically 30 to 100, of amplification factors.  From that suite, a 

median and σln are computed, generally assuming a log-normal distribution. 

The probability of obtaining a reference motion is simply the derivative of the reference 

(for example, rock) hazard curve obtained from the PSHA.  This is done numerically and is a stable 

process as the hazard curves are quite smooth.  Equation 5 can quite easily be put into an Excel 

spreadsheet.  It forms the entire basis of our FORTRAN code.  Approach 3 is indeed one simple 

equation.  This approach is implemented in the computer program SOILUHSI.  
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Approach 3  Approximate Method 

An alternative solution to Equation 4 can also be calculated using Equation (7) from Bazzuro and 

Cornell (2004).  This is a closed form approximation of the integration of the amplification factor 

over a range of rock amplitudes. 

  )(exp
C12

σ
2

δ

rprprp AFaz                                 (7) 

where zrp is soil amplitude z associated with return period rp; arp is the reference spectral 

acceleration a associated with return period rp; AFrp is the geometric mean (mean log) 

amplification factor for the reference (for example, rock) motions with return period rp; k is the 

log-log slope of the reference hazard curve that is calculated at each point from the reference 

hazard curve and typically ranges from about 2 to 3 for CENA and possibly as large as 6 for WNA.  
C  is the log-log slope (absolute value) of the amplification factor with respect to the reference 

motion that is calculated at each point from the amplification factors (AF) and is a measure of the 

degree of soil nonlinearity.  If C  = 0, the response is linear and highly nonlinear for C

 approaching 1, where the approximation breaks down (Bazzurro and Cornell, 2004).  As previously 

mentioned, C  typically ranges from about 0.1 to about 0.8 (Bazzurro and Cornell, 2004).   is 

the log standard deviation of the AF and is typically around 0.3 (σln) or less.  In other words, at a 

given AEF or point on the reference site hazard curve, the corresponding soil amplitude is given as 

the median soil amplification times the rock or reference site amplitude plus an exponential factor.   

The exponential factor is necessary to maintain the reference AEF and accommodates both the 

aleatory variability as well as the degree of nonlinearity of the site amplification.  The slope of the 

reference hazard curve is a weighting factor that includes the contributions to the soil amplitude 

for all reference hazard levels.  Equation 7 clearly demonstrates the additional factors needed over 

median amplification to preserve the hazard level (AEF) of the reference motion.  This Equation 

shows that in order to preserve the reference site (for example, rock) hazard level, multiplying the 

reference motion by the median soil amplification requires an additional exponential term.  

This additional term includes the aleatory variability of the soil or amplification factor, the slope of 

the reference site hazard curve, and the slope of the amplification factors (for example, with 

varying reference motion).  This exponential factor accommodates the potential contributions to a 

given soil motion by the entire range in reference site motions because of soil nonlinearity.  That is, 

a given soil motion may have the same value at low levels of reference loading (relatively linear 

response) and at high loading levels (relatively nonlinear response).   

To preserve the reference site exceedance frequency, all the contributions to a given soil motions 

over the entire range in reference loading levels must be included in the soil hazard.  

These contributions are not explicitly considered in the deterministic Approach 2 method.  

Additionally, the effects of aleatory variability in the soil amplification resulting from lateral 

variability in velocities and depth to basement as well as randomness in G/Gmax and hysteretic 

damping curves are included in the exponential term.  For a linear site, C is zero, so it is easy to see 

that the exponential term then accommodates the effects of profile variability in the soil hazard.  

The reference hazard curve slope (κ in Equation 7) is present to accommodate the impacts of the 

soil variability and nonlinear amplification over the entire reference site motion or hazard curve.  
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In the case C = 0 and for a reference hazard slope near 1, the median amplification times the 

exponential term simply reflects the mean, for a lognormal distribution.   

This was the motivation for using mean, rather than median amplification factors in Approach 2.  

However, for more realistic reference site hazard curve slopes, use of the mean amplification alone 

will result in motions that are too low for the assumed AEF.  The difference or underestimate 

increases as soil nonlinearity, characterized through C, becomes larger for a given aleatory 

variability in the amplification factors.  This was the motivation for the “empirical” correction in 

Approach 2 of enveloping the low- and high-frequency transfer functions.  The high-frequency 

transfer function will typically have lower high-frequency amplification than the low-frequency 

amplification factor as it reflects higher loading levels, resulting in a higher degree of nonlinearity, 

and a greater value of C.  Use of mean amplification alone may then depart significantly from 

Equation 7, resulting in higher probability motions than would be consistent with the reference 

hazard level, depending on the value of C and the slope of the reference hazard curve.  Using an 

envelop of the low-frequency amplification, which typically does not reflect nearly as high loading 

levels at high frequency, and the high-frequency amplification was an ad-hoc manner of 

conservatively achieving the desired AEF using deterministic analyses. 

It is important to point out that a similar issue, though less significant, can occur at low frequency.  

In this case, the high-frequency amplification has larger low-frequency amplification than the low-

frequency amplification.  The envelope at low frequency is then controlled by the high-frequency 

amplification, compensating for the neglect of the complete exponential in the low-frequency mean 

amplification (NUREG/CR-6728).  This approach is implemented in the computer program 

SOILUHS. 

Implementation of Approach 3 

Approach 3 is implemented using the full integration method which consists simply of coding 

Equation 5.  The soil (or rock) amplification distributions relative to the reference site condition are 

developed by driving the site-specific column at a suite of distances generated on a grid of 

expected reference site peak accelerations, to accommodate nonlinear soil response.  At each 

distance, or reference site expected peak acceleration, random suites of dynamic material 

properties are generated, resulting in a distribution of structural frequency dependent amplification 

factors (Sa (site)/Sa (reference)).  For a given structural frequency, say 1 Hz, this process results in 

median and sigma estimates, for each loading level, from which a CCDF is produced using 

standard asymptotic expressions, accurate typically to the fourth decimal place.  For each loading 

level, reference Sa at 1 Hz, the amplification CCDF is then available to integrate over the entire 

reference 1 Hz hazard curve.  This is precisely the motivation for the wide range in reference peak 

accelerations, 0.01g to 1.50g, to cover the entire reference hazard curve for each structural 

frequency.  For reference site motion outside the range, the closest values are used.  To minimize 

any error in interpolation (log) for reference site motions between grid points, a dense sampling of 

typically 11 values (for example, 0.01, 0.05, 0.10, 0.20, 0.30, 0.40, 0.50, 0.75, 1.00, 1.25, 1.50g) 

of expected (median) reference site peak accelerations are used.  The array of peak 

accelerations is sampled more densely over the range in values contributing most to the hazard, 

typically 0.2g to 0.5g.  Because the amplification factors are smooth (Bazzurro and Cornell, 2004; 

Silva et al., 1999), interpolation is not a significant issue and an 11-point grid is adequate to 

capture site nonlinearity. 
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To compute the probability of reference motions (P(x) in Equation 5), the reference motion hazard 

curve is numerically differentiated using central differences.  Although hazard curves are smooth 

and therefore differencing is a stable process, the curves are interpolated to 300 points to 

maximize the integration accuracy of Equation 5.  The use of 300 points was established by 

increasing the number of points until stability (no change in derived soil hazard) was achieved.  

This typically occurred between 100 to 200 points, and so 300 points has been adopted as a 

conservative value for integration.   

Because multiple levels of reference motions contribute to the soil or site-specific hazard, a wider 

range in reference hazard than soil hazard is necessary to achieve accuracy in the soil hazard.  

Extensive tests have shown that a conservative range over which to integrate the reference hazard 

is a factor of 10 in AEF beyond that desired for the soil or site-specific AEF.  In other words, if the 

site-specific hazard is desired to 10-6 AEF, the reference hazard is required to an AEF of 10-7.  

Additionally, the same consideration applies at high exceedance frequencies as well.  In this case, 

if the site-specific hazard is desired at 10-2 AEF, the reference hazard is conservatively required to 

an AEF of 10-1. 

Approach 3 is also appropriate for computing site-specific vertical hazards from horizontal 

site-specific hazard curves, producing a vertical UHRS at the same AEF as the horizontal UHRS.  

Resulting horizontal and vertical UHRSs then both achieve the same target performance goals.  

As with the horizontal site-specific hazard, regarding the range in the reference site hazard, 

accuracy in the vertical hazard requires a wide integration range over the site-specific horizontal 

hazard.  As a result, achieving an AEF of 10-6 for the vertical site-specific hazard requires the 

reference site hazard to an AEF of 10-8. 
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APPENDIX E-B 

SITE RESPONSE ANALYSIS METHOD 

Development of Site-Specific Soil Motions 

The conventional approach to estimating the effects of site-specific site conditions on strong 

ground motions involves development of a set (1, 2, or 3 component) of time histories compatible 

with the specified outcrop response spectra to serve as control (or input) motions.  The control 

motions are then used to drive a nonlinear computational formulation to transmit the motions 

through the profile.  Simplified analyses generally assume vertically propagating shear-waves for 

horizontal components and vertically propagating compression-waves for vertical motions.  

These are termed one-dimensional site response analyses.   

Equivalent-Linear Computational Scheme 

The computational scheme that has been most widely employed to evaluate one-dimensional site 

response assumes vertically-propagating plane shear-waves.  Departures of soil response from 

a linear constitutive relation are treated in an approximate manner through the use of the 

equivalent-linear approach. 

The equivalent-linear approach, in its present form, was introduced by Seed and Idriss (1970).  

This scheme is a particular application of the general equivalent-linear theory developed by 

Iwan (1967).  Basically, the approach is to approximate a second order nonlinear equation, over a 

limited range of its variables, by a linear equation.  Formally, this is done in such a way that the 

average of the difference between the two systems is minimized.  This was done in an ad-hoc 

manner for ground response modeling by defining an effective strain that is assumed to exist for 

the duration of the excitation.  This value is usually taken as 65 percent of the peak time-domain 

strain calculated at the midpoint of each layer, using a linear analysis.  Modulus reduction and 

hysteretic damping curves are then used to define new parameters for each layer based on the 

effective strain computations.  The linear response calculation is repeated, new effective strains 

evaluated, and iterations performed until the changes in parameters are below some tolerance 

level.  Generally, a few iterations are sufficient to achieve a strain-compatible linear solution. 

This stepwise analysis procedure was formalized into a one-dimensional, vertically propagating 

shear-wave code called SHAKE (Schnabel et al., 1972).  Subsequently, this code has easily 

become the most widely used analysis package for one-dimensional site response calculations. 

The advantages of the equivalent-linear approach are that parameterization of complex nonlinear 

soil models is avoided and the mathematical simplicity of a linear analysis is preserved.  A truly 

nonlinear approach requires the specification of the shapes of hysteresis curves and their cyclic 

dependencies through an increased number of material parameters.  In the equivalent-linear 

methodology, the soil data are utilized directly and, because at each iteration the problem is linear 

and the material properties are frequency independent, the damping is rate independent and 

hysteresis loops close. 
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Careful validation exercises between equivalent-linear and fully nonlinear formulations using 

recorded motions from 0.05 to 0.50g showed little difference in results (EPRI, 1993).  

Both formulations compared very favorably to recorded motions, suggesting both the adequacy of 

the vertically propagating shear-wave model and the approximate equivalent-linear formulation.  

Although the assumptions of vertically propagating shear-waves and equivalent-linear soil response 

certainly represent approximations to actual conditions, their combination has achieved 

demonstrated success in modeling observations of site effects and represent a stable, mature 

and reliable means of estimating the effects of site conditions on strong ground motions 

(Schnabel et al., 1972; Silva et al., 1988; Schneider et al., 1993; EPRI, 1993). 

To accommodate both uncertainty and randomness in dynamic material properties, analyses are 

typically done for the best estimate shear-wave velocity profile as well as upper- and lower-range 

profiles.  The upper and lower ranges are usually specified as twice and one-half the best estimate 

shear-wave moduli.  Depending upon the nature of the structure, the final design spectrum is then 

based upon an envelope or average of the three spectra. 

For vertical motions, the SHAKE code is also used with compression-wave velocities and damping 

substituted for the shear-wave values.  To accommodate possible nonlinear response on the 

vertical component, because modulus reduction and hysteretic damping curves are not generally 

available for the constrained modulus, the low-strain Poisson's ratio is usually fixed and strain 

compatible compression-wave velocities calculated using the strain compatible shear moduli from 

the horizontal component analyses combined with the low-strain Poisson's ratios.  In a similar 

manner, strain compatible compression-wave damping values are estimated by combining the 

strain compatible shear-wave damping values with the low-strain damping in bulk or pure volume 

change.  This process assumes that the loss in bulk (volume change) is constant or strain 

independent.  Alternatively, zero loss in bulk is assumed and the following equation relating shear- 

and compression-wave damping (ηS and ηP) and velocities (VS and VP) is used: 

 , 
V

V
 

3

4
  

S

P

S

P           (B-1) 

RVT-Based Computational Scheme 

The computational scheme employed to compute the site response for this project uses an 

alternative approach employing random vibration theory (RVT).  In this approach, the control 

motion power spectrum is propagated through the one-dimensional soil profile using the 

plane-wave propagators of Silva (1976).  In this formulation, only SH waves are considered.  

Arbitrary angles of incidence may be specified, but normal incidence is used throughout the 

present analyses.  

In order to treat possible material nonlinearities, an RVT-based equivalent-linear formulation is 

employed.  Random process theory is used to predict peak time domain values of shear-strain 

based upon the shear-strain power spectrum.  In this sense, the procedure is analogous to the 

program SHAKE except that peak shear-strains in SHAKE are measured in the time domain.  

The purely frequency domain approach obviates a time domain control motion and, perhaps just as 

significant, eliminates the need for a suite of analyses based on different input motions.  
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This arises because each time domain analysis may be viewed as one realization of a 

random process.  Different control motion time histories reflecting different time domain 

characteristics but with nearly identical response spectra can result in different nonlinear and 

equivalent-linear response. 

In this case, several realizations of the random process must be sampled to have a statistically 

stable estimate of site response.  The realizations are usually performed by employing different 

control motions with approximately the same level of peak accelerations and response spectra. 

In the case of the frequency domain approach, the estimates of peak shear-strain as well as 

oscillator response are fundamentally probabilistic in nature, as a result of the random process 

theory.  For fixed material properties, stable estimates of site response can then be obtained with a 

single run. 

In the context of the RVT equivalent-linear approach, a more robust method of incorporating 

uncertainty and randomness of dynamic material properties into the computed response has been 

developed.  Because analyses with multiple time histories are not required, parametric variability 

can be accurately assessed through a Monte Carlo approach by randomly varying dynamic material 

properties.  This results in median as well as other fractile levels (for example, 16th, mean, 84th) of 

smooth response spectra at the surface of the site.  The availability of fractile levels reflecting 

randomness and uncertainty in dynamic material properties then permits a more rational basis for 

selecting levels of risk. 

In order to randomly vary the shear-wave velocity profile, a profile randomization scheme has been 

developed that varies both layer velocity and thickness.  The randomization is based on a 

correlation model developed from an analysis of variance on about 500 measured shear-wave 

velocity profiles (EPRI, 1993; Silva et al., 1997).  Profile depth (depth to competent material) is also 

varied on a site-specific basis using a uniform distribution.  The depth range is generally selected to 

reflect expected variability over the structural foundation as well as uncertainty in the estimation of 

depth to competent material. 

To model parametric variability for compression-waves, the base-case Poisson's ratio is generally 

fixed.  Suites of compatible random compression- and shear-wave velocities are then generated 

based on the random shear-wave velocities profiles. 

To accommodate variability in modulus reduction and hysteretic damping curves on a generic 

basis, the curves are independently randomized about the base case values.  A log normal 

distribution is assumed with a σln of 0.35 at a cyclic shear strain of 3 x 10-2 percent.  These values 

are based on an analysis of variance on a suite of laboratory test results.  An upper and lower 

bound truncation of 2σ is used to prevent modulus reduction or damping models that are not 

physically possible.  The random curves are generated by sampling the transformed normal 

distribution with a σln of 0.35, computing the change in normalized modulus reduction or percent 

damping at 3 x 10-2 percent shear strain, and applying this factor at all strains.  The random 

perturbation factor is reduced or tapered near the ends of the strain range to preserve the general 

shape of the median curves (Silva, 1992). 
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To model vertical motions, incident inclined compression- and shear (SV)-waves are assumed.  

Raytracing is done from the source location to the site to obtain appropriate angles of incidence.  

In the P-SV site response analyses, linear response is assumed in both compression and shear 

with the low-strain shear-wave damping used for the compression-wave damping (Johnson and 

Silva, 1981).  The vertical and horizontal motions are treated independently in separate analyses.  

Validation exercises with a fully three-dimensional soil model using recorded motions up to 0.50%g 

showed these approximations to be validated (EPRI, 1993).   

In addition, the site response model for the vertical motions has been validated at over 100 rock 

and soil sites for three large earthquakes:  the 1989 M 6.9 Loma Prieta, 1992 M 7.2 Landers, and 

1994 Northridge earthquakes.  In general, the model performs well and captures the site and 

distance dependency of vertical motions over the frequency range of about 0.3 to 50.0 Hz and the 

fault distance range of about 1 to 100 km. 
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APPENDIX F  

GROUND ANCHOR LOAD TESTS AND SHORING MONITORING PROGRAM 

Ground Anchor Load Testing 

General 

The locations of the load tests shall be approved by the Engineer and shall be representative of the 

field conditions.  Load tests shall not be performed until the ground anchor grout and 

shotcrete wall facing, where present, have attained at least 50 percent of the specified 28-day 

compressive strengths. 

Where temporary casing of the unbonded length of test ground anchors is provided, the casing 

shall be installed to prevent interaction between the bonded length of the ground anchor and the 

casing/testing apparatus. 

The testing equipment shall include two dial gauges accurate to 0.001 inch, a dial gauge support, 

a calibrated jack and pressure gauge, a pump and the load test reaction frame.  The dial gauge 

should be aligned within 5 degrees of the longitudinal ground anchor axis and shall be 

independently supported from the load frame/jack and the shoring wall.  The hydraulic jack, 

pressure gauge and pump shall be used to apply and measure the test loads. 

The jack and pressure gauge shall be calibrated by an independent testing laboratory as a unit.  

The pressure gauge shall be graduated in 100 pounds per square inch (psi) increments or less and 

shall have a range not exceeding twice the anticipated maximum pressure during testing unless 

approved by the Engineer.  The ram travel of the jack shall be sufficient to enable the test to be 

performed without repositioning the jack.   

The jack shall be independently supported and centered over the ground anchor so that the ground 

anchor does not carry the weight of the jack.  The jack, bearing plates and stressing anchorage 

shall be aligned with the ground anchor.  The initial position of the jack shall be such that 

repositioning of the jack is not necessary during the load test. 

The reaction frame should be designed/sized such that excessive deflection of the test apparatus 

does not occur and that the testing apparatus does not need to be repositioned during the load 

test.  If the reaction frame bears directly on the shoring wall facing, the reaction frame should be 

designed to not damage the facing.  

Verification Tests 

Prior to production ground anchor installation, at least two ground anchors for each soil type shall 

be tested to validate the design pullout value.  All test ground anchors shall be installed by the 

same methods, personnel, material and equipment as the production anchors.  Changes in 

methods, personnel, material or equipment may require additional verification testing as 

determined by the Engineer.  At least two successful verification tests shall be performed for each 

installation method and each soil type.  The ground anchors used for the verification tests may be 

used as production ground anchors if approved by the Engineer. 
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The allowable ground anchor load should not exceed 80 percent of the steel ultimate strength. 

Ground anchor design test loads should be the design loads specified on the shoring drawings.  

Verification test tiebacks shall be incrementally loaded and unloaded in accordance with the 

following schedule:  

Load Hold Time Load Hold Time 

Alignment Load (AL) Until Stable 0.75DL Until Stable 

0.25 Design Load (DL) Until Stable 1.0DL Until Stable 

AL Until Stable 1.25DL Until Stable 

0.25DL Until Stable 1.5DL 10 Minutes 

0.5DL Until Stable AL Until Stable 

AL Until Stable 0.25DL Until Stable 

0.25DL Until Stable 0.5DL Until Stable 

0.5DL Until Stable 0.75DL Until Stable 

0.75DL Until Stable 1.0DL Until Stable 

AL Until Stable 1.25DL Until Stable 

0.25DL Until Stable 1.5DL Until Stable 

0.5DL Until Stable 1.75DL Until Stable 

0.75DL Until Stable AL Until Stable 

1.0DL Until Stable 0.25DL Until Stable 

AL Until Stable 0.5DL Until Stable 

0.25DL Until Stable 0.75DL Until Stable 

0.5DL Until Stable 1.0DL Until Stable 

0.75DL Until Stable 1.25DL Until Stable 

1.0DL Until Stable 1.5DL Until Stable 

1.25DL Until Stable 1.75DL Until Stable 

AL Until Stable 2.0DL 10 Minutes 

0.25DL Until Stable AL Until Stable 

0.5DL Until Stable   

 

The alignment load shall be the minimum load required to align the testing apparatus and should 

not exceed 5 percent of the design load.  The dial gauge should be zeroed after the alignment load 

is applied.   

Proof Tests 

The allowable ground anchor load should not exceed 80 percent of the steel ultimate strength. 
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Ground anchor design test loads should be the design loads specified on the shoring drawings.  

Proof test tiebacks shall be incrementally loaded and unloaded in accordance with the 

following schedule: 

Load Hold Time 

AL Until Stable 

0.25DL Until Stable 

0.5DL Until Stable 

0.75DL Until Stable 

1.0DL Until Stable 

1.33DL 10 minutes 

AL Until Stable 

 

The alignment load shall be the minimum load required to align the testing apparatus and should 

not exceed 5 percent of the design load.  The dial gauge should be zeroed after the alignment load 

is applied.  Depending upon the ground anchor deflection performance, the load hold period at 

1.33DL (tiebacks) may be increased to 60 minutes.  Ground anchor movement shall be recorded 

at 1, 2, 3, 5, 6 and 10 minutes during the load hold period.  If the ground anchor deflection 

between 1 minute and 10 minutes is greater than 0.04 inches, the 1.33DL load shall be continued 

to be held for a total of 60 minutes and deflections recorded at 20, 30, 50 and 60 minutes. 

Test Ground Anchor Acceptance 

A test ground anchor shall be considered acceptable when: 

1. For tieback verification tests, a tieback is considered acceptable if the creep rate is less than 

0.04 inches per log cycle of time between 1 minute and 10 minutes, and the creep rate is 

linear or decreasing throughout the creep test load hold period.   

2. For proof tests, a ground anchor is considered acceptable if the creep rate is less than 

0.04 inches per log cycle of time between 1 minute and 10 minutes or less than 0.08 inches 

per log cycle of time between 6 minutes and 60 minutes, and the creep rate is linear or 

decreasing throughout the creep test load hold period.  

3. The total movement at the maximum test load exceeds 80 percent of the theoretical elastic 

elongation of the unbonded length. 

4. Pullout failure does not occur.  Pullout failure is defined as the load at which continued 

attempts to increase the test load result in continued pullout of the test ground anchor.  

Acceptable proof-test ground anchors may be incorporated as production ground anchors provided 

that the unbonded test length of the ground anchor hole has not collapsed and the test ground 

anchor length and bar size/number of strands are equal to or greater than the scheduled 

production ground anchor at the test location.  Test ground anchors meeting these criteria shall be 

completed by grouting the unbonded length, as necessary.  Maintenance of the temporary 

unbonded length for subsequent grouting is the contractor’s responsibility.  
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The Engineer shall evaluate the verification test results.  Ground anchor installation techniques 

that do not satisfy the ground anchor testing requirements shall be considered inadequate.  In this 

case, the contractor shall propose alternative methods and install replacement verification test 

ground anchors.  

The Engineer may require that the contractor replace or install additional production ground 

anchors in areas represented by inadequate proof tests. 

Shoring Monitoring 

Preconstruction Survey 

A shoring monitoring program should be established to monitor the performance of the temporary 

shoring walls and to provide early detection of deflections that could potentially damage 

nearby improvements.  We recommend that a preconstruction survey of adjacent improvements, 

such as streets, utilities and buildings, be performed prior to commencing construction.  

The preconstruction survey should include a video or photographic survey of the condition of 

existing improvements to establish the preconstruction condition, with special attention to existing 

cracks in streets or buildings.   

Optical Survey 

The shoring monitoring program should include an optical survey monitoring program.  

The recommended frequency of monitoring should vary as a function of the stage of construction, 

as presented in the following table. 

Construction Stage Monitoring Frequency 

During excavation and until wall movements have stabilized Twice weekly 

During excavation if lateral wall movements exceed 1 inch and until wall 

movements have stabilized 
Daily 

After excavation is complete and wall movements have stabilized, and before 

the floors of the building reach the top of the excavation 
Weekly 

 

Monitoring should include vertical and horizontal survey measurements accurate to at least 

0.01 feet.  A baseline reading of the monitoring points should be completed prior to beginning 

excavation.  The survey data should be provided to GeoEngineers for review within 24 hours.  

For shoring walls, we recommend that optical survey points be established along the top of the 

shoring walls and at the curb line behind the shoring walls.  The survey points along the top of the 

shoring wall should be spaced every other soldier pile for soldier pile walls.  The points on the curb 

lines should be spaced approximately 25 feet apart.  GeoEngineers recommends that a survey 

monitoring plan be developed for GeoEngineers’ review prior to establishing the survey points in 

the field.  If lateral wall movements are observed to be in excess of ½ inch between successive 

readings or if total wall movements exceed 1 inch, construction of the shoring walls should be 

stopped to determine the cause of the movement and to establish the type and extent of remedial 

measures required. 
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APPENDIX G 

REPORT LIMITATIONS AND GUIDELINES FOR USE1  

This appendix provides information to help you manage your risks with respect to the use of 

this report.  

Geotechnical Services Are Performed for Specific Purposes, Persons and Projects 

This final report has been prepared for the exclusive use of the U.S. Department of Veterans Affairs 

and Stantec, Coughlin Porter Lundeen, Degenkolb Engineers, and their authorized agents.  

This report is not intended for use by others, and the information contained herein is not applicable 

to other sites.   

GeoEngineers structures our services to meet the specific needs of our clients.  For example, a 

geotechnical or geologic study conducted for a civil engineer or architect may not fulfill the needs 

of a construction contractor or even another civil engineer or architect that are involved in the 

same project.  Because each geotechnical or geologic study is unique, each geotechnical 

engineering or geologic report is unique, prepared solely for the specific client and project site.  

Our report is prepared for the exclusive use of our Client.  No other party may rely on the product of 

our services unless we agree in advance to such reliance in writing.  This is to provide our firm with 

reasonable protection against open-ended liability claims by third parties with whom there would 

otherwise be no contractual limits to their actions.  Within the limitations of scope, schedule and 

budget, our services have been executed in accordance with our Agreement with the Client and 

generally accepted geotechnical practices in this area at the time this report was prepared.  

This report should not be applied for any purpose or project except the one originally contemplated. 

A Geotechnical Engineering or Geologic Report Is Based on a Unique Set of Project-

Specific Factors 

This draft final report has been prepared for the New Mental Health Care Building/Seismic Retrofit 

of Nursing Tower/New Parking Garage project.  GeoEngineers considered a number of unique, 

project-specific factors when establishing the scope of services for this project and report.  

Unless GeoEngineers specifically indicates otherwise, do not rely on this report if it was: 

■ not prepared for you, 

■ not prepared for your project, 

■ not prepared for the specific site explored, or 

■ completed before important project changes were made. 

  

                                                           

1 Developed based on material provided by ASFE, Professional Firms Practicing in the Geosciences; www.asfe.org .  
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For example, changes that can affect the applicability of this report include those that affect: 

■ the function of the proposed structure; 

■ elevation, configuration, location, orientation or weight of the proposed structure;  

■ composition of the design team; or 

■ project ownership. 

If important changes are made after the date of this report, GeoEngineers should be given the 

opportunity to review our interpretations and recommendations and provide written modifications 

or confirmation, as appropriate. 

Subsurface Conditions Can Change 

This geotechnical or geologic report is based on conditions that existed at the time the study was 

performed.  The findings and conclusions of this report may be affected by the passage of time, by 

manmade events such as construction on or adjacent to the site, or by natural events such as 

floods, earthquakes, slope instability or groundwater fluctuations.  Always contact GeoEngineers 

before applying a report to determine if it remains applicable.  

Most Geotechnical and Geologic Findings Are Professional Opinions 

Our interpretations of subsurface conditions are based on field observations from widely spaced 

sampling locations at the site.  Site exploration identifies subsurface conditions only at those 

points where subsurface tests are conducted or samples are taken.  GeoEngineers reviewed field 

and laboratory data and then applied our professional judgment to render an opinion about 

subsurface conditions throughout the site.  Actual subsurface conditions may differ, sometimes 

significantly, from those indicated in this report.  Our report, conclusions and interpretations should 

not be construed as a warranty of the subsurface conditions.   

Geotechnical Engineering Report Recommendations Are Not Final 

Do not over-rely on the preliminary construction recommendations included in this report.  

These recommendations are not final, because they were developed principally from 

GeoEngineers’ professional judgment and opinion.  GeoEngineers’ recommendations can be 

finalized only by observing actual subsurface conditions revealed during construction.  

GeoEngineers cannot assume responsibility or liability for this report's recommendations if we do 

not perform construction observation. 

Sufficient monitoring, testing and consultation by GeoEngineers should be provided during 

construction to confirm that the conditions encountered are consistent with those indicated by the 

explorations, to provide recommendations for design changes should the conditions revealed 

during the work differ from those anticipated, and to evaluate whether or not earthwork activities 

are completed in accordance with our recommendations.  Retaining GeoEngineers for construction 

observation for this project is the most effective method of managing the risks associated with 

unanticipated conditions. 
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A Geotechnical Engineering or Geologic Report Could Be Subject To Misinterpretation 

Misinterpretation of this report by other design team members can result in costly problems.  

You could lower that risk by having GeoEngineers confer with appropriate members of the design 

team after submitting the report.  Also retain GeoEngineers to review pertinent elements of the 

design team's plans and specifications.  Contractors can also misinterpret a geotechnical 

engineering or geologic report.  Reduce that risk by having GeoEngineers participate in pre-bid and 

preconstruction conferences, and by providing construction observation. 

Do Not Redraw the Exploration Logs 

Geotechnical engineers and geologists prepare final boring and testing logs based upon their 

interpretation of field logs and laboratory data.  To prevent errors or omissions, the logs included in 

a geotechnical engineering or geologic report should never be redrawn for inclusion in architectural 

or other design drawings.  Only photographic or electronic reproduction is acceptable, but 

recognize that separating logs from the report can elevate risk. 

Give Contractors a Complete Report and Guidance 

Some owners and design professionals believe they can make contractors liable for unanticipated 

subsurface conditions by limiting what they provide for bid preparation.  To help prevent costly 

problems, give contractors the complete geotechnical engineering or geologic report, but preface it 

with a clearly written letter of transmittal.  In that letter, advise contractors that the report was not 

prepared for purposes of bid development and that the report's accuracy is limited; encourage 

them to confer with GeoEngineers and/or to conduct additional study to obtain the specific types of 

information they need or prefer.  A pre-bid conference can also be valuable.  Be sure contractors 

have sufficient time to perform additional study.  Only then might an owner be in a position to give 

contractors the best information available, while requiring them to at least share the financial 

responsibilities stemming from unanticipated conditions.  Further, a contingency for unanticipated 

conditions should be included in your project budget and schedule. 

Contractors Are Responsible for Site Safety on Their Own Construction Projects  

Our geotechnical recommendations are not intended to direct the contractor’s procedures, 

methods, schedule or management of the work site.  The contractor is solely responsible for job 

site safety and for managing construction operations to minimize risks to on-site personnel and to 

adjacent properties. 

Read These Provisions Closely 

Some clients, design professionals and contractors may not recognize that the geoscience 

practices (geotechnical engineering or geology) are far less exact than other engineering and 

natural science disciplines.  This lack of understanding can create unrealistic expectations that 

could lead to disappointments, claims and disputes.  GeoEngineers includes these explanatory 

“limitations” provisions in our reports to help reduce such risks.  Please confer with GeoEngineers 

if you are unclear how these “Report Limitations and Guidelines for Use” apply to your project 

or site. 
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Geotechnical, Geologic and Environmental Reports Should Not Be Interchanged 

The equipment, techniques and personnel used to perform an environmental study differ 

significantly from those used to perform a geotechnical or geologic study and vice versa.  For that 

reason, a geotechnical engineering or geologic report does not usually relate any environmental 

findings, conclusions or recommendations; e.g., about the likelihood of encountering underground 

storage tanks or regulated contaminants.  Similarly, environmental reports are not used to address 

geotechnical or geologic concerns regarding a specific project.  

Biological Pollutants 

GeoEngineers’ Scope of Work specifically excludes the investigation, detection, prevention or 

assessment of the presence of Biological Pollutants.  Accordingly, this report does not include any 

interpretations, recommendations, findings, or conclusions regarding the detecting, assessing, 

preventing or abating of Biological Pollutants and no conclusions or inferences should be drawn 

regarding Biological Pollutants, as they may relate to this project.  The term “Biological Pollutants” 

includes, but is not limited to, molds, fungi, spores, bacteria, and viruses, and/or any of their 

byproducts. 

If Client desires these specialized services, they should be obtained from a consultant who offers 

services in this specialized field. 
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